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1. INTRODUCTION AND OBJECTIVES OF THE MEETING 

Radiation technology has emerged as an effective tool for the decontamination of biohazards. It 

has been instrumental in improving the quality of human life through its proven effectiveness in 

wastewater/sludge treatment, sterilization of medical and healthcare products, and in improving 

food safety. Still, there have been continuous requests from Member States to transfer knowledge 

and experience with regards to removing biohazardous pollutants.  

The purpose of the event is to share information with Member States information on inactivation 

of biohazards and treatment of wastewater, sludges, and other wastes using radiation techniques 

for biohazard mitigation. The CRP participants discuss the obtained results, review and update the 

CRP goals, tasks and future plans. 

 

2. HIGHLIGHTS OF THE MEMBER STATES PRESENTATIONS 

ARGENTINA 

 

Animal facility is a place, which provides environment, housing, and managemen t that are well 

suited for the species or strains of animals maintained and destined to biomedical studies in the 

areas of immunology, neuroscience, oncology, genetics and pharmaceuticals. These facilities 

generate a significant amount of solid residues that are considered to be hazardous waste due to 

their content of pathogenic and zoonotic microorganisms. The interaction of ionizing radiation 

with biological matter destroy this waste by causing alterations in its  DNA. Because of that, we 

are focused on evaluation and characterization of radiation-induced elimination of biological 

hazards. The main objective of this report is characterization of the animal waste (AW) from rat’s 

beds in an animal facility; evaluation of the effect of ionizing radiation on the AW; and analysis 

of the possibility of recycling the waste.  

The results show that the AW is characterized as a heterogeneous product composed of a large 

percentage of water, animal feces, sawdust, and ammonium with alkaline pH. Microbiological 

characterization indicates that it mainly contains MAB, but also MAnaB, and aerobic and 

anaerobic spores. No presence of mycelial fungi was observed. Among the potential pathogenic 

microorganisms, the presence of fecal coliforms and E. coli were quantified. 

When treated with radiation the AW shown a slight decrease in ammonia concentration and pH. 

The D10 was determined for the microbial groups present, indicating that in increasing order of 

sensitivity were the fecal coliforms, E. coli, MAB, MAnaB, AS and AnaS. It was shown that 3.36 

kGy was enough to eliminate fecal coliforms and E. coli. With 7 kGy no count was observed in 

the other analyzed microbial groups.  

Once a pathogen-free residue was obtained, it was pre-composted in containers with domestic 

organics waste. After 27 days worms from the genus Eisenia were added to the containers and they 

quickly began to circulate through the AW residues treated with 10 and 30 kGy. Fifty days after 



 
 

the start of the treatment, a visual reduction in the volume of the residue was observed and it was 

still in the process of composting. 

Future work plan 

• To continue working and improving the recycling process of laboratory AW; 

• To evaluate the viral sensitivity to radiation in AW; 

• To characterize liquids effluents of animal origins with biohazards. 

BRAZIL 

 

Fungal bioburden in filters from air conditioning systems of cars represents a possible source of 

respiratory diseases to passengers and drivers. Gamma radiation has been applied for different 

types of air conditioning filter, used in vehicles in Sao Paulo metropolitan region  in Brazil.  In the 

first phase, it was demonstrated that the filters samples (n = 30) were contaminated with 17 

different genera of fungi and data revealed that automobile filters had significant amount of molds 

and that some of these agents could reproduce under high humidity conditions. Irradiations were 

carried out at IPEN gamma facility at 5.5 kGy/h, using 10, 15 and 20  kGy. Even after a 

considerable reduction in the total count of fungi, it was noted that toxigenic filamentous fungi 

survived after 15 kGy at the studied conditions. During further research we applied molecular 

detection methods for confirming the specie that survived after 15 kGy. Genetic sequencing not 

only confirmed the presence of Penicillium, Fusarium and Aspergillus (toxigenic), fungi but also 

improved the data: the contamination included Aspergillus niger, Aspergillus flavus, Penicillium 

gllabrum specie complex and Fusarium incarnatum-equiseti specie complex. During last few 

months other set of filters samples has been collected and irradiated at 20 kGy. In order to continue 

the studies with lower doses we tried the combination of chemical products applied for disinfecting 

the filters before irradiation. These last results showed that combination of sanitizers and 

irradiation resulted in complete reduction of fungi for 60% of samples and two samples were 

positive for fungi, with 1 CFU and 3 CFU, yeast and Rhodotorula, respectively. No mycotoxigenic 

fungi were detected in samples after combined treatment with chemical sanitizers (Denatonium 

benzoate) and irradiation (15 kGy).  

Future work plan 

• To continue the identification of fungi through molecular methods and conven tional 

microbiology on paper matrices; 

• To establish suitable environmental conditions for irradiation of vehicular air conditioning 

filters (VAIFs); 

• To optimize radiation doses for a suitable treatment and safety of VAIFs for one possible 

reuse; 



 
 

• To demonstrate technical feasibility of gamma radiation for decontamination of filters and 

discuss the results with public in charge of solid residues programs; 

• To apply similar procedures for others important substrates/matrices for contributing with 

the official programs for the reduction of solid residues and biohazards in Sao Paulo. 

 

CANADA 

 

Stored rice and rice products are prone to contamination by pathogenic fungi (Aspergillus niger), 

bacteria (Bacillus cereus and Paenibacillus amylolyticus), and rice weevil (Sitophilus oryzae). 

Treatment with antimicrobial essential oils (EOs) and irradiation are options to control spoilage 

organisms.The combination of oregano and thyme EOs displayed the best antibacterial and 

antifungal activities and showed a synergistic effect against B. cereus,P. amylolyticus, and A. 

niger.  Also, the combination of tea tree and eucalyptus essential oils showed best activity againstS. 

oryzae. The relative sensitivity of γ-ray irradiation at dose rates of 10.445, 4.558, and 0.085 kGy/h 

was 1.22, 1.33, and 1.24, against A. niger, 1.28, 1.45, and 1.49 against B. cereus, and 1.35, 1.33, 

and 1.38 against P. amylolyticus, respectively. The relative sensitivity of X-ray irradiation at dose 

rate of 0.76 kGy/h was 1.63, 1.21, and 1.31against A. niger, B. cereus, and P. amylolyticus, 

respectively. The relative sensitivity of γ-ray irradiation at dose rates of 10.445, 4.558, and 0.085 

kGy/h in presence of eucalyptus EO was 6.39, 6.89, and 3.39, respectively, whereas, with tea tree 

EO was 6.40, 6.83, and 3.58, respectively against S. oryzae. On the other hand, the relative 

sensitivity of X-ray irradiation at dose rates of 0.76 and 0.19 kGy/h in presence of eucalyptus EO 

was 3.57 and 3.35, respectively, whereas, with tea tree EO was 4.21 and 4.01, respectively against 

S. oryzae. 

Future work plan 

• To evaluate the possible synergistic effect of cranberry juice and commercial citrus extract 

against FCV‐F9 viral titre in vitro in combination with γ‐irradiation to determinate 

the D10 values and radiosensitivity increase;  

• To determine radiosensitivity of FCV-F9 on Iceberg lettuce surface with combined 

treatments of cranberry juice with γ-irradiation. 

 

EGYPT 

 

The objective of this study was to evaluate the potential use of gamma and EB irradiation for 

reducing and inactivating bacterial and fungal populations in local market naturally contaminated 

dried food like parsley. The research was conducted also to determine the radiation resistance of 

Salmonella and Staphylococcus spp. on artificially inoculated into free microbial dried parsley by 

measuring the decimal reduction dose (D10 value). Dried parsley was subjected to gamma and EB 

irradiation, with doses ranging from 0 to 10 kGy. As the radiation dose increased, the inactivation 



 
 

effect increased among all tested microorganisms (aerobic bacteria, AB, spore former bacteria, 

SFB and mold and yeast, M&Y). Applying a dose of 6 kGy resulted in a reduction of initial log 

count from 7.38, 7.55 and 7.58 to 3.54, 4.08 and 3.93 log CFU/g for samples treated by gamma 

and EB using  (2mA) and (3mA), respectively. Also, the% reduction of SFB is calculated to be 

77.7, 75 and 82.77 for samples irradiated by gamma and EB using 2 and 3 mA current, 

respectively, at dose 2 kGy compared with the non irradiated samples (control). Applying a dose 

of 6 kGy resulted in a 3.5, 2.6 and 3.17 log reduction in the total M&YC for dried parsley samples 

irradiated with gamma and EB 2mA and 3 mA, respectively The D10-values of Salmonella and 

Staphylococcus spp. in dried parsley treated with gamma rays were 0.50 and 0.60 kGy, 

respectively, which differed from those treated by EB at 2 mA (0.60 and 0.70) or at 3 mA (0.55 

and 0.60) respectively. The D10-value for the tested two pathogens obtained by EB irradiation was 

found to be higher than that using γ-irradiation source, which means that, gamma irradiation was 

more effective than EB irradiation in reducing viability of the test pathogens. 

Future work plan 

• To evaluate microbial contamination of dry food and health care products;  

• To irradiate food and healthcare wastes at different doses with different conditions;  

• Establish a correlation between biohazards, physical, and the kinetics of inactivation 

according dose rates, and energies; 

• Compare results of the effect of electron beam irradiation on fungi and bacteria with 

those irradiated using gamma radiation; 

• Determine if the D10 values of these pathogens vary significantly as a function of EB 

energy. 

 

GERMANY 

 

The goal of this proposed research project is studying the use of very-low energy electron beam in 

the energy range of 150 - 300 keV for inactivation of biohazards, especially for pharmaceuticals 

or laboratory substances. Electrons accelerated with such a low voltage have a low penetration 

depth in matter (around 100 - 300 µm in water). However, this voltage range requires low facility 

shielding, making possible an easy integration in labs and GMP production areas as well as 

assembling to a mobile inactivation facility. 

For the basic investigations, an experimental setup could be established using Petri dishes. To 

ensure a homogeneous thin layer thickness of the pathogen containing liquid suspension, a thin 

OPP foil covered a droplet of liquid. Because of the limited penetration depth of low energy 

electrons the inhomogeneity of dose distribution inside the liquid was measured using a simulation 

with 18 µm thin foil dosimeters as a stack. In addition, a liquid dosimeter was developed, based 

on TTC to be able to measure the dose inside the liquid itself. After validation of this experimental 

setup the killing-/inactivation-curves are identified for different pathogens, like E. coli, Bacillus 



 
 

subtilis sp., DNA-virus Influenza A (H3N8), RNA-virus Zika, RSV (enveloped) and Polio virus 

(non-enveloped). All of them could be inactivated even though the dose distribution was 

inhomogeneous. 

In case of Polio virus inactivation, the influence of suspension additives like Succrose, Sorbitol or 

Formaldehyde was investigated and no significant influence to the inactivation efficiency was 

detected. For the deeper understanding of inactivation mechanisms the degradation by irradiation 

was investigated. The behavior against the nucleotide length and genomic integrity were measured. 

As a second stage, the upscaling of the irradiation process to a lab-sized liquid volume was done. 

The first upscaling equipment is based on a closed plastic bag, filled with some milliliters of 

pathogenic liquid and continuously transported through the irradiation zone, forming a thin drifty 

layer of liquid at the irradiation zone. The successful inactivation function could be shown.  

Future work plan 

• To upscale the inactivation process to a continuous process for liquid amounts of about 

0.5 – 1 l/h; 

• To apply the continuous process to a vaccine production.  

HUNGARY 

 

In this project, we are looking for answers to the following question: Is it possible to reduce or 

eliminate the impact of antibiotics on the microorganisms in wastewater using radiolysis methods, 

in order to prevent antibiotic resistance development? Previously, we developed a microbiological 

assay to monitor the biological effect of subinhibitory level of antibiotics on resistant – sensitive 

bacterial cultures. As a continuation of our work, we applied electron beam irradiation to eradicate 

any effect the antibiotics have on these mixed microbial populations. Our study started with a 

simplified system using pure aqueous solutions of the antibiotic, followed by experiments on a 

more complex synthetic wastewater matrix. This step-by-step approach allowed us to have more 

understanding on the population dynamics of the chosen sensitive-resistant bacterial culture, 

adding to the continuing progress in this scientific field. Furthermore, we have also identified dose 

requirements important for the application of electron beam treatment to tackle the evolution of 

antibiotic resistance in wastewater matrices.  When irradiation is done in a complex wastewater 

matrix, markedly different system is generated, which can eventually give rise to considerably 

different outcomes. Surprisingly, while in aqueous solutions in case of erythromycin the resistant 

bacteria dominates the population at 0 kGy when even lower antibiotic concentration is applied in 

pure water, the resistant bacteria seem to become the population dominated by the sensitive strain 

in the model wastewater. This phenomenon is very interesting, and might be due to a substantial 

fitness cost of carrying the mecA gen and expression of the altered penicillin binding proteins in 

response to the antibiotic present (for the resistant S. aureus strain), while the sensitive strain 

remains unaffected and has no such a fitness cost, eventually giving a competing advantage under 

such circumstances. As the samples are irradiated, it appears that after ~8 kGy absorbed dose the 



 
 

bacterial population is unaffected in case of erythromycin. Nevertheless, too high absorbed dose 

seems to be again disadvantageous presumably due to some products forming from the humic acid.  

In case of piperacillin the population is dominated by the sensitive strain until 60 kGy, this 

phenomenon might be explained again in terms of substantial fitness costs of being resistant. 

Furthermore, the forming products can also retain some antimicrobial activity. At higher doses 

again we assume that probably products from humic acid exhibits some effect on the population. 

This matter will be further investigated through control experiments using only synthetic 

wastewater matrix. It should also be mentioned that although at first sight it appears to be 

delighting that the amount of resistant subtypes are suppressed, it must be recognized that they are 

under continuous effect of the antibiotic and this circumstance might lead to slow but further 

mutation events. 

As a next step, we are planning to further deepen our knowledge about the population dynamics 

in response to the presence of antibiotics, and apply even more complex systems with bacteria 

present during the irradiation. The findings in this study support our ultimate aim to realize the 

implementation of electron beam treatment to tackle antibiotic resistance development in the 

environment.  

The future aim: methods will be elaborated for measuring the concentration of the bacteria in the 

wastewater effluent, and for measuring both the concentration and the antimicrobial activity of the 

antibiotics. The dose required to eliminate specific antibiotic contaminants will be established and 

appropriate methodologies will be developed for the treatment of biohazards in irradiated 

wastewater using electron beam accelerators. 

Future work plan 

• To conduct the 2nd experiment series to study wastewater matrix in the presence of 

antibiotic and bacterium (sensitive:resistant, 1:1 ratio) and comparing the results to the 

control; 

 

• To measure the emergence and transmission of antibiotic resistance in the bacteria cell by 

matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass 

spectrometry (MS); 

 

• To elaborate methods for measuring the concentration of the bacteria in the wastewater 

effluent, and for measuring both the concentration and the antimicrobial activity of the 

antibiotics. The dose required to eliminate specific antibiotic contaminants will be 

established and appropriate methodologies will be developed for the treatment of bio-

hazards in irradiated wastewater using electron beam accelerators. 

 

 



 
 

SOUTH KOREA 

 

Recently, it was reported that about 80 different types of antibiotics were found in the stream and 

soil in Korea, which cause disturbance of the ecosystem and various environmental problems 

because of the indiscriminate use of antibiotics. The introduction of antibiotics into soil, surface 

water, and groundwater can cause serious problems such as developing mutagenic multi-antibiotic 

resistant viral, bacterial and fungal strains in addition to antibiotic resistant pathogens. 

Furthermore, the antibiotics cannot be removed naturally once introduced into the environment, 

since antibiotics are usually quite stable. Since a lot of antibiotics were found in ground waters, 

stream, and so on, it means that the conventional wastewater treatment system does not work 

properly. Therefore, development of a new technique for the removal of antibiotics is required. In 

this study, we investigated a new method to find out the degradation mechanism of antibiotics 

using gamma irradiation as well as analytical methods to detect them.  

 

As a result, we have established an analytical method using HPLC and we found that all antibiotics 

tested (ampicillin, amoxicillin, oxacillin, panmycin, deoxycycline hyclate and chlortetracycline) 

were broken down by gamma irradiation with doses up to 50 kGy depending on their structure. 

The antibiotics belonging to beta-lactam family, ampicillin, amoxicillin, and oxacillin, were 

degraded by gamma irradiation at 10 kGy and the antibiotics belonging to tetracyclin family, 

panmycin, deoxycycline hyclate and chlortetracycline, were degraded at the dose of 50 kGy with 

gamma irradiation.  

 

Future work plan 

• To break down the other antibiotics, not tested yet, using both gamma irradiation and 

ebeam irradiation; 

• To perform kinetic study to find optimal condition for degradating antibiotics testing. 

 

KUWAIT 

 

Most of the wastewater treatment plants in Kuwait suffer from severe sludge bulking and foaming 

problems, particularly during winter seasons. This operational problem often results in poor 

effluent quality (e.g. high concentrations of solids, organics and pathogens in the effluents). 

Further, these plants were found not to be efficient in removing emerging pollutants, such as 

endocrine disrupting chemicals (EDCs). Therefore, it is proposed to investigate the application of 

electron beam irradiation for polishing and removing emergent pollutants, namely EDC's, from 

effluents containing relatively high concentrations of suspended solids and organics which are 

usually encountered during sludge bulking and foaming incidences. The proposed research is 

expected to give better understanding of electron beam irradiation of conventionally treated 

wastewater during incidences of activated sludge and foaming. This is particularly of great 



 
 

importance for countries like Kuwait, in which the problems of sludge bulking and foaming occur 

so frequently. This is the second annual progress report of the coordinated research project 

contracted (CRP) with the International Atomic Energy Agency (IAEA), which has started in April 

2018. 

Future work plan 

• To continue characterizing municipal wastewater quality at different seasons; 

• To irradiate municipal wastewater with different e-beam irradiation doses and different 

concentration of estrogens; 

• To optimize the ebeam irradiation dose for removal of estrogens and purifying of the 

municipal wastewater. 

 

MALAYSIA 

 

Any material with the synthetic or natural origin which has been specifically applied to soil or 

plant tissues in order to provide essential nutrients for sustainable growth known as fertilizer. 

Generally, fertilizers are inorganic materials with high analytical values with define composition. 

The sewage sludge typically contains valuable source of nutrients and organic matter and usage of 

sewage sludge as fertilizers is very much in prospective. Furthermore, this also limits the waste 

generation which will eventually stimulate the economic growth. However, in order to use sewage 

sludge as fertilizer for agriculture, some of important properties of sewage sludge samples (SSS) 

such as heavy metals, disease causing microorganisms and also toxic compounds essentially to be 

monitored and eliminated. Among of multiple techniques readily available for the elimination of 

pathogenic microorganisms and toxic compounds from sewage sludge, ionizing radiation could be 

considered as highly efficient and effective. Therefore, this study focused on effect of irradiation 

dose and dose rate onto Salmonella Spp. and enterococci. Both microorganisms are commonly 

found in food and human intestine. The radiation inactivation kinetics was also investigated in 

terms of irradiation dose and energy. Thus, it is present abundantly in sewage sludge. On top of 

that, the physico-chemical properties such as chemical oxygen demand (COD), total organic 

carbon (TOC), total inorganic nitrogen and total phosphate content of the sewage sludge was also 

analyzed in term different irradiation dose. These properties play an important role in evaluating 

the potential of sewage sludge to be used as fertilizer after ionizing irradiation treatment. The 

sampling was done in two different point, secondary activated sludge reactor tanks after separation 

of the grits (point A) and also at sludge thickening tank (point B) before subjected to the sun bed 

drying process. The sludge volume index (SVI), mixed liquor volatile suspended solids (MLVSS) 

and mixed liquor suspended solids (MLSS) of each batch of sampling were tested. Irradiation was 

effective for the inactivation of Salmonella Spp. and Enterococci in SSS. The highest inactivation 

rate constant, k obtained for SSS from point A at irradiation energy of 2 MeV, 0.27 for Salmonella 

Anterica, 0.30 Salmonella Bongori and 0.34 for enterococci. The highest inactivation rate constant, 

k obtained for SSS from point B at irradiation energy of 2 MeV, 0.62 for Salmonella Anterica, 



 
 

0.45 Salmonella Bongori and 0.98 for Enterococci. Electron beam irradiation effects onto targeted 

microorganisms are dependent on radiation dose and energy. The microbial pathogens were found 

to be inactivated after the samples were irradiated operating at energy of 2 MeV. 

Future work plan 

• To quantify of protozoa and decimal reduction dose values of electron beam by using 

qPCR technique; 

• To study variations in irradiation current as it’s correlated to dose rate which will give 

more insight on inactivation kinetics on targeted microorganisms; 

• To assess regrowth of the microorganisms upon prolonged storage; 

• To perform field test on irradiated sewage sludge as potential fertilizer of non-crop food.  

 

POLAND 

 

World production of sewage sludge increase thus it is needed to look for new efficient and 

environment safe ways to utilize them. One of possible method is methane fermentation and usage 

of digestate as fertilizer. However resistant pathogens in sludge may cause health threat, thats why 

hygienization process is required. The experiments with methane fermentation of irradiated 

sewage sludge were performed. Following types of sludge were used: prelimanary sludge (WWTP 

Józefów, municipal, Mazovian District) secondary sludge (WWTP Józefów, municipal, Mazovian 

District) and secondary sludge (WWTP, Milejów, mostly food industrial waste, Lublin District).  

After irradiation of every type of sludge disintegration was observed (increase in Chemical Oxygen 

Demand (COD) in liquid phase). But increase in speed of methane fermentation process after 

irradiation of sewage sludge occured significantly only in case of sludge from Milejów, in two 

other cases methane production speed was very slightly higher, the same or even slower in 

comparison to non-irradiated sludge. Also experiments with methane fermentation using 

preliminary sludge with addition of high COD waste from food industry were made. Biogas 

composition measurements using GC shown, that for irradiated sludges from Milejów WWTP 

methane content was higher in comparison to no irradiated sludge, while in case of sludges from 

Józefów WWTP – for preliminary sludge as well as for secondrary – methane amount was lower 

in biogas from fermentation of irradiated samples in comparison to non-irradiated reference 

sludge. Waste from poultry processing, milk processing, sauce factory and collected fats were 

tested as additives to preliminary sludge from Józefów WWTP. Experiments with methane 

fermentation using system built to measure methane production potential were performed. For 

biomass composed using waste from poultry processing volume of methane per 1 kg of dry mass 

was 1,017 times higher in comparison to reference sample, for milk processing waste addition it 

was 1,069, for sauce factory waste – 1,14 and for the collected fats – 1,26, so the best results were 

obtained after fermentation of sludge with collected fats addition. All experiments are carried out 

to establish assumptions for “Zero Energy” installation projects. 

 



 
 

Future work plan 

Sewage sludge anaerobic fermentation after irradiation: 

• To carry out experiments with smaller doses (2, 3, and 4 kGy) for secondary sludge; 

• To perform experiments with biotoxicity of irradiated sewage sludge (in cooperation with 

Warsaw University of Technology); 

• To perform experiments with anaerobic fermentation of sewage sludges which was 

irradiated some time before (e. g. irradiated 1 or 2 weeks before fermentation and stored 

in cool place). 

Fermentation of sewage sludge with food industry waste addition: 

• To carry out high scale (200 L) experiment simulating conditions occuring in industrial 

scale reactors (inoculum/biomass rate: 80/20 or 90/10) with separate hydrolysis process 

and periodic some amount of digestate removal along with supplementing reactor with 

same amount of hydrolised biomass. 

PORTUGAL 

 

Environmental virology is an essential area of research because of public health  concerns. 

Normally, the viruses exist in the environment and acquire certain capability to endure 

conventional treatment processes. Subsequently, they become pollutants in env ironmental waters 

resulting in human exposure through contaminated drinking water and recreational waters, as well 

as foods. Human adenovirus (HAdV) is the most prevalent enteric virus in waters worldwide due 

to its environmental stability, which leads to public health concerns. Mitigation strategies are 

therefore required. Ionizing radiation has emerged as an alternative method to ensure the safety of 

drinking water and to reduce the wastewater-linked contamination of fresh food products.  

Our studies have been focusing on the inactivation response of human adenovirus by e -beam 

irradiation, in comparison with other physical disinfection methods, such as autoclaving and 

germicidal UV radiation. 

Human adenovirus type 5 (HAdV-5) inoculated in two types of aqueous substrates (Phosphate-

buffered saline - PBS and domestic wastewater - WW) was treated by electron beam at a dose 

range between 3 and 21 kGy. The amplification of HAdV-5 genome, the abundance and 

antigenicity of its structural proteins, as well as virus infectivity were evaluated. In all assays 

performed, the effect of electron beam irradiation was found at the highest doses of radiation (13 

– 21 kGy), regardless of the substrate used. Viral proteins presented different sensitivity to electron 

beam irradiation in both substrates and, among the three structural proteins (hexon, penton base 

and fiber) detected, the hexon protein showed higher radioresistance. For all radiation doses, the 

percentage of relative binding of monoclonal antibodies to the hexon proteins was always higher 

in the viral suspensions in wastewater than in PBS. The maximum reduction in viral titer was about 

7 and 5 log PFU/mL for irradiation with 20 and 19 kGy in PBS and in wastewater substrate, 



 
 

respectively. The differences observed between the two substrates can be explained by the 

protective effect of the organic matter present in the substrate may have on viral irradiation. 

According to the obtained results, it is suggested that the decrease in virus infectivity may be 

related to DNA damage and to protein alterations. 

In summary, electron beam irradiation  at a dose of 13 kGy is capable of reducing HAdV-5 viral 

titers by more than 99.99% (4 log UFP/mL) in both substrates assayed, indicating that this type of 

technology is effective for viral wastewater disinfection and may be used as a tertiary treatment in 

water treatment plants.  

Future work plan 

• To develop a cell culture technique using FRhK-4 cells to study the effects of e-beam 

irradiation on hepatitis A virus infectivity; 

• To analyze the inactivation kinetics of hepatitis A virus by e-beam irradiation on different 

aqueous substrates, namely PBS, tap water, sea water and wastewater; 

• To estimate the D10-values of hepatitis A virus on the different matrices. 

RUSSIA 

 

Electron beam treatment is a valid and proven method of neutralizing biologically hazardous 

pollutants in wastewater. However, the practical applicability and economic efficiency of the 

method remains the subject of discussion due to the high cost of accelerators and their relatively 

low power. Previous attempts to create electron-beam wastewater treatment plants were based on 

the use of accelerators designed for conveyor technologies requiring high absorbed doses. 

However, electron-beam neutralization of biohazardous pollutants in water requires significantly 

lower doses and much higher flow rates compared to other radiation technologies. Accordingly, 

specialized accelerators are required, the parameters of which are optimized specifically for the 

irradiation of wastewater. Moreover, the future scale of the introduction of electron beam 

neutralization of biohazardous effluents depends, first of all, on progress in the development of 

powerful electron accelerators. Even “the greenest” electron beam processing, which, however, 

requires several tens or hundreds of expensive accelerators, scares potential co nsumers. The 

presented report considers various configurations of reactors and electron accelerators in terms of 

their performance. The possibility of using a single cylindrical reactor for processing 200-400 

thousand cubic meters of wastewater per day by means of a single multi-window type accelerator 

is shown. It is noted that the use of higher beam energy (up to 5 MeV) gives more technological 

advantages compared to the 1 MeV treatment used previously. 

Future work plan 

 

• To carry on correlation analysis of the effect of the absorbed dose on the residual 

concentration of toxic food additives (food colors, stabilizers, atioxidants, etc.) in 

individual and mixed effluents; 



 
 

• To clarify the effect of irradiation conditions (pH, temperature, sparged gases, aging time, 

electron pulse repetition frequency, etc.) on dose dependencies; 

• To identify synergistic effects and chain reactions in radiolysis of aqueous solutions of 

toxic impurities; 

• To develop equipment and procedures for the practical electron beam treatment of 

wastewater containing toxic pollutants. 

TUNISIA 

 

The main objective of this study is to evaluate the effect of irradiation by electron beam (EB) on 

naturally occurring pathogenic bacteria and bacteriophages in health care wastewater. We 

examined the susceptibility of indicator bacteriophages towards electron beam irradiation to 

evaluate their appropriateness as viral indicators for health care wastewater quality control. The 

effects of EB irradiation on naturally occurring somatic coliphages, F-specific coliphages and 

bacteria were examined in wastewater collected from a hospital in the downtown. Preliminary 

results showed that: 

• Healthcare wastewater is a rich matrix containing pathogenic waterborne viruses and 

bacteria, as well as antibiotic resistant bacteria; 

• After EB irradiation, naturally occurring bacteria in healthcare wastewater showed lower 

resistance patterns as obtained after gamma irradiation; 

• Bacteriophages isolated from healthcare wastewater showed the same resistance patterns 

as those previously obtained in urban treated sewage and were inactivated using higher 

doses and were far more resistant than bacteria; 

• Spores of Clostridium perfringens were the most resistant microbes to EB irradiation as 

obtained by gamma irradiation; 

• Our results corroborate the use of bacteriophages to survey the viral quality of healthcare 

wastewater before their discharge in the urban sanitation network.  

Future work plan 

Our proposal research work will contribute certainly to achieve the objectives of this CRP on 

radiation inactivation of biohazards. The specific research objectives in the next period will be: 

• To determine D10 value of EB irradiated samples for assayed pathogens; 

• To compare results of EB and gamma irradiation on assayed microorganisms isolated from 

healthcare wastewater (statistical analysis); 

• To assess the effect of EB and gamma irradiation on fungal and bacterial biofilms.  

TURKEY 

 

In recent years, the increase in microcontaminant (MK) concentration in surface waters and 



 
 

groundwater is increasingly attracting attention. The change in the amount and characterization of 

pharmaceuticals used in hospital wastewater, which is one of the most important sources of these 

pollutants, varies depending on the new laws, the use of new active substances and the removal of 

some active substances.  

Water recycling is one of the important methods in terms of both clean water shortage and 

environmental pollution. For a reliable water reuse, salts, nutrients (such as nitrogen, phosphorus), 

pathogens and micro-pollutants (MK) must be removed from wastewater. Among these pollutants, 

MKs and microbiologic contaminations are the main sources of the problem, since conventional 

wastewater treatment plants are not specifically designed to treat these pollutants.  

Therefore, an emerging treatment technology has to be established, whether it is conventional or 

nonconventional technologies. Biological treatment with the combination of radiation treatment 

can be a promising method. Chemical and microbiological characterization of hospital wastewater 

and biological treatment combined radiation treatment will be studied within the frame work of 

this project.  

Future work plan 

• To optimize sample preparation method specific to target pollutants;  

• To optimize analytic techniques that could be applied to target pollutants; 

• To irradiate different environments (oxygen, ozone, hydrogen peroxide); 

• To perform dose optimization studies; 

• To characterize hospital wastewater and its biological contaminants; 

• To determine D10 values of those of biological contaminants. 

 

USA 

 

We have been studying the metabolomic responses of metabolically active yet non -culturable 

(MAyNC) bacterial cells. The underlying goal of these studies is to better understand how 

microbial cells respond to ionizing radiation at the molecular level. This is critically important 

because electron beam sterilization/pasteurization is the core processing technology used for the 

sterilization of medical devices and for food pasteurization. The objective of this study was to 

understand the metabolomic profile of eBeam-inactivated bacterial pathogens E. coli O26:H11 and 

S. Typhimurium ATCC 13311 immediately after eBeam inactivation and 24 h post eBeam 

irradiation and compare these metabolomic profiles to un-irradiated cells. The underlying 

hypothesis of this study was that even though eBeam irradiation inactivates bacterial cells, the 

bacterial cells are capable of maintaining their metabolic pathways even up to 24 h post eBeam 

irradiation.  Overall, the results of this study clearly show that metabolites in both E. coli O26:H11 

and S. Typhimurium exhibit fluxes in concentration even 24 h post eBeam irradiation exposure. 

The origin of these fluxes needs to be clearly understood. Are these changes in metabolite 



 
 

concentration a function of the residual gene expression that we previously observed in these cells? 

Or are these metabolite concentrations changing due to purely abiotic effects within the cells?  The 

continued gene expression coupled with our previous studies showing increased H+ e xchanges 

within the cells (based on alamar blue staining) suggests that even after 24 h post lethal eBeam 

irradiation, bacterial cells are metabolically active and still attempting to repair their damage. 

Detailed studies are needed to identify whether the presence of certain unique metabolites in 

bacterial cells can be used as biomarkers of exposure to ionizing radiation exposure. How these 

molecular levels responses vary under different eBeam energies and dose rates are worthy of 

further investigation. 

 

Future work plan 

• Find D10 values of specific pathogens under varying eBeam energies; 

• Investigate fate of bacterial toxins in inactivated bacterial cells. 

 

3. DISCUSSION 

 

• This meeting was conducted in Tunis organized by the Center National des Sciences et 

Technologies Nucleaires (CNSTN) from 2nd to 6th of March, 2020. The CPR participants 
represented 15 countries from 5 continents. Most of the participants were present, but 
unfortunately some could not attend the meeting in person and had to teleconference. 
Presentations from Argentina, Brazil, Canada, Egypt, Germany, Hungary, Kuwait, 

Malaysia, Poland, Portugal, Russia, South Korea, Tunisia, Turkey and USA covered a 
broad range of radiation technology applications ranging from basic science to applied 
fields such as wastewater and sludge hygenization, viral, bacterial, and fungal 
decontamination. 

• Many presentations discussed fundamental mechanistic research, but several also 
discussed applications and real-life scenarios (dried food, hospital and healthcare 
wastewater, sewage sludge, inactivation of biohazardous liquids, animal waste, air filter).  

• Participants visited CNSTN (National Center for Nuclear Science and Technology) 

facilities (e-beam and Gamma radiation), as well as microbiological, radiochemical and 
isotopic laboratories. 

• A lot of pathogens are covered by the presentations, including bacteria, fungi, and viruses. 

Working with such diverse pathogens is very rewarding for the project. It would be helpful 
to collect a list of all investigated pathogens of the CRP group. 

• To truly compare the results of investigation it is important to describe the irradiation and 
analysis procedures as detailed as possible. 

• It is possible to establish a common dataspace to work together and setup important data-
matrixes for comparable analysis procedures and irradiation procedures. 

• The dose rate and the irradiation source influence the inactivation efficiency, but it seems 

to be different for different irradiation procedures and pathogens. It would be helpful to 
collect all data to build up a common data-matrix. 

• The type of pathogens in different material-matrices (liquids, solids, additives, aerosols, 
chemicals, etc.) has a remarkable effect on the inactivation kinetics and efficiency. It is a 



 
 

complex multi-parametric system, therefore it is important to collect all the data to build 
up an overview for future experiments. 

• Biological effects of irradiation are not the only outcome. The influence of irradiation to 

the original products, with potentially formed by-products, should be accounted for.  

• Energy efficient irradiation processes or energy recovering processes will be important in 
the future to transfer the technology to industry. For example, the “zero-energy” process 

for sewage sludge irradiation in combination with bio-gas production can be an important 
step in this direction. 

• We have to be focused on the analytical possibilities to detect biohazards and to control 
the effects of irradiation. The sensitivity of the methods should be enlarged as much as 

possible. 

• The availability of reliable and affordable high-power electron accelerators is very 
important. A careful analysis of all the costs including investment cost, energy 

consumption and service cost is a crucial point for technology transfer to industry. 

• There is very little knowledge about radiation technology in environmental topics at the 
level of decision makers and governmental authorities. We should enhance the knowledge 
transfer by discussions, publications, and other outreach activities. 

• Our group is mostly focused on treatment of wastewater and sludge, however biohazards 
are present in many other matrices (e.g. microplastics, aerosols, exhaust air, animal blood, 
waste from animal facilities, discharge from livestock farms, slaughterhouses). It would be 
beneficial to enlarge our knowledge by cooperating with other research and industrial 

groups. 

• Given the diversity of the projects under this CRP, the outcomes will include: 
o new information on microbial pathogens of concern;  

o fundamental information on how ionizing radiation affects virucidal action; 
o deeper understanding of  

▪ radiosensitization and radioresistance;  
▪ response of microbial DNA and metabolism to ionizing radiation;  
▪ response of antimicrobial resistance (eg. erythromycin and piperacillin) in 

bacteria to ionizing radiation;  
▪ response of antimicrobial compounds (ampicillin and tetracycline) to 

ionizing radiation;  
▪ response of natural antimicrobial compounds (e.g. thyme extract, oregano 

extract, camomile extract) to ionizing radiation;  
o novel low energy dosimetry systems for liquids. 

 
4. CONCLUSIONS 

 

4.1. There is a growing social concern about environmental safety and protection worldwide. It 
gives a good opportunity to propose the advantages and possibilities of irradiation 
technologies to reduce environmental risks. 

 
4.2. It must be noted that in addition to microbial biohazards, public health and environmental 

quality are impacted by emerging chemical contaminants such as antimicrobial residues, 
toxins, endocrine disruptors, etc. The CRP has therefore been expanded to include chemical 

hazards in addition to microbial hazards.  



 
 

 
4.3. The focus of this CRP is on the target biohazards rather than the effects of irradiation doses 

on the underlying matrices and their functionality. 

 

4.4. The electron and photons energies being utilized in this project range between 150 keV to 

10 MeV with dose rates up to 5,000 Gy/sec. There needs to be a deeper understanding of 
how microorganisms and other biohazards respond to such high doses and dose rates. The 
existing database containing D10 values for different pathogens, needs to be expanded by 
including the results of dose-rate and matrices. 

 
4.5. There are some optimistic results to develop a dosimetry for flowing liquids using TTC or 

fluorescing micro-particles within the group. But there is still a lack of low energy 
dosimetry systems for flowing liquids. There are Monte Carlo simulation approaches for 

low energy dosimetry, however, there are still lingering questions related to “energy 
spread”, machine parameters etc. Detailed information about these parameters are needed 
to accurately transfer dosimetry information from one laboratory to another and make the 
results transferrable. 

 

4.6. This CRP brings together scientists from diverse fields with access to different radiation 
sources, energies, dose rates, matrices, and target biohazards (bacteria, viruses, fungi, 

protozoa, storage grain pests, and emerging chemical pollutants. The participants 
acknowledged the limited amount of information of irradiation technology and efficacy 
against toxins and microplastics in waste. 

 

4.7.  A variety of dosimetric (e.g. radiochromic films, alanine, liquid) and analytica l methods 
such as conventional microbiology, molecular biology, analytical chemistry, ecotoxicity, 

biophysics, microscopy, are being harnessed in this project. It is feasible to build up a 
database of available dosimetric and analysis methods within the CRP. It is attached to this 
report as an Annex III. 

 

4.8. The research from this CRP will contribute towards the improvement of the public and 
environmental health as well as potentially increasing agricultural productivity. 
Improvements in food safety, food quality, water quality, animal and human health, 

reduction of food wastes are also envisioned. 

 

4.9. There are opportunities for multiple bilateral and multilateral collaborations among the 
CRP members. These collaborations will definitely synergize the productivity of the CRP 
and the outputs of this initiative. Some cooperations have already been established, eg. 
Egypt – Tunisia, Kuwait – Tunisia and Poland – Germany in the last two years.  

 

4.10. The results from this CRP will complement the activities of other CRPs such as Emerging 
Organic Pollutants F23034, and technical cooperation activities (e.g. ARG1029 and 

RER1019). 



 
 

 

4.11. When D10 estimations are performed especially with eBeam, attention has to be paid to the 
Dose Uniformity Ratio (DUR) of the sample or to be able to measure the inhomogeneity 
of dose distribution.  

 

4.12. The CRP participants have agreed to participate in the writing of a critical review article 
that focuses on the new database they want to build up for D10 values to reflect the 
dependence to dose rates, matrices and type of irradiation. His will be completed before 
the CRP is finished. 

 

5. RECOMMENDATIONS 

5.1. To enhance possible collaborations and scientific exchange amongst CRP members 
funding mechanisms need to be clarified. 
 

5.2. There is still a need for studies on toxins, prions and microplastics – specifically how they 
respond to various doses, dose rates and beam energies. Therefore, it is recommended to 
bring new groups and experts together for an consultancy meeting to explore 
opportunities for the next CRPs relevant to the subject. 

 
5.3. Because of the global concern about the environmental problems, the knowledge transfer 

has to be enhanced. One option will be a special session at the next ICARST meeting in 
April 2021, but national workshops for local stakeholders and regulatory groups are also 

important. 
 

5.4. All the CRP information should be disseminated via publications. A special talk at a 
conference related to environmental engineering could connect to the interested audience. 

Another option is a dedicated chapter in environmental engineering textbooks, for 
example “Wastewater engineering, treatment and re-use” by Metcalf and Eddy.  
 

5.5. It would be helpful to promote environmental irradiation technologies by a special 

technical or consultancy meeting related to industrial equipment (e-beam accelerators, 
mobile units) for irradiation of liquids, solids and gases. 

 
5.6. The next CRP meeting should be conducted at a suitable place where the participants 

can visit e-beam facility, related to environmental applications and development, for 
example in Turkey. 

 

 

 

 

 

 



 
 

Meeting participants (left to right, top to bottom): 

Mr Ömer KANTOGLU , Ms Ines CHAABOUNI, Ms Islem AMRI, Ms Sihem JEBRI, Ms Faten 

RAHMANI, Ms Verónica VOGT, Mr Frank-Holm ROEGNER , Mr Hassan A. AbdEl-Rehim, 

Ms Amira ZAOUAK, Soukeina DHIB, Ms Sueli Ivone BORRELY, Ms Sandra CABO VERDE, 

Ms Sarala SELAMBAKKANNU, Mr Marcin SUDLITZ, Ms Renata HOMLOK, Ms Fatma 

HMAIED, Ms Valeriia STAROVOITOVA 
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ANNEX II 

 

 

 

Second Research Coordination Meeting of the  

Coordinate Research Project on 

 

“Radiation Inactivation of Bio-Hazards using High Powered Electron Beam Accelerators” 

02 March – 06 March 2020 

 

PROVISIONAL AGENDA 

 

Monday, 02 March 2020 

Session I: Introductory Session  

9.30 - 10.00 Opening of the meeting by:  

Mr. Adel Trabelsi, Director General CNSTN 

Ms. Valeriia Starovoitova, IAEA 

10.00 – 10.30 Coffee break and administrative matters 

Session II: Participants’ Presentations on Current status and Proposed 

Research Activities 

  

  

10.30 – 11.10 

 

 

11.10 – 11.50 

 

 

Presentation by Ms. Veronica Vogt, ARGENTINA 

“Decontamination by irradiation and re-use of biohazardous waste from 

laboratory animal facility” 

Presentation by Ms. Sueli Ivone Borelly, BRAZIL 

“Gamma radiation application for the decontamination of vehicle air 
conditioning filters“ 

 



 
 

11.50 – 12.30 Presentation by Mr. Hassan A. Abdel-Rehim, EGYPT 

“Comparison Study of Gamma and Electron Beam Irradiation on the 
Decontamination of Some Dry Food” 

  

12.30 - 14.00 Lunch break 

 

14.00 – 14.40 

 

 

14.40 – 15.20 

 

Presentation by Mr. Frank-Holm Roegner, GERMANY 

“Automated application of low energy electron irradiation for inactivation 

of bio-hazardous liquids” 

Presentation by Mr. Suresh Pillai, USA (teleconference) 

“What is death in bacteria?”  

 

15.20 – 16.00  Coffee Break  

 

16.00 – 16.40 

 

 

16.40 – 17.20 

 

 

Presentation by Ms. Renata Homlok, HUNGARY 

“Preventing the development of antibiotic resistance in wastewater 
matrices by high energy irradiation” 

 

Presentation by Mr. Shiv Shankar, CANADA (teleconference) 

“Bacterial, fungi and weevil (Sitophilus oryzae) radiosensitization using 

combined treatments of essential oils and irradiation: comparison 

between X-ray and gamma-ray at different dose rates” 

 

Tuesday, 03 March 2020 

 

Session II Participants’ Presentations on Current status and Proposed 

Research Activities 

09.30 – 10.10 

 

 

10.10 – 10.50 

Presentation by Mr. Abdallah Abusam, KUWAIT (teleconference) 

“Removal of EDCs and Polishing of Kuwait’s Treated Wastewater by 

Electron Beam Irradiation” 

 

Presentation by Ms. Sarala Selambakkannu, 

MALAYSIA“Inactivation of selective salmonella spp., in sewage sludge 



 
 

 

 

10.50 – 11.20 

 

11.20 – 12.00 

by electron beam irradiation and monitoring of physico-chemical 

properties” 

Coffee Break  

 

Presentation by Mr. Marcin Sudlitz, POLAND 

“Zero energy" electron beam technology for disintegration and 

hygienization of sewage sludge” 

 

12.00 – 12.40 

 

Presentation by Ms. Sandra Cabo Verde, PORTUGAL 

“Virucidal effects of e-beam on human adenovirus” 

  

12.40 – 14.00 
 
 

14.00 – 14.40 

Lunch break  

 

Presentation by Mr. Aleksanr Ponomarev, RUSSIA (teleconference) 

“Electron beam treatment of high-flowrate effluents: limitations and 

prospects” 

14.40 – 15.20 Presentation by Ms. Fatma Hmaied, TUNISIA 

“Inactivation of biohazards in healthcare wastewater by electron beam  

irradiation” 

  

15.20 – 15.50 

 
 
15.50 – 16.20 
 

Coffee break 

Presentation by Ms Faten Boujelben, TUNISIA 

"Degradation of some organic pollutants by gamma treatment" 

 

Wednesday, 04 March 2020 

Session III Participants’ Presentations on Current status and Proposed 

Research Activities  

09.30 – 10.10 

 

Presentation by Mr. Omer Kantoglu, TURKEY 

“Radiation Treatment of Hospital Wastewater Using Electron Accelerator” 



 
 

10.10 – 10.50 Presentation by Mr. Hyoung Woo Bai, SOUTH KOREA 

(teleconference - TBC) 

“Degradation of Antibiotics using gamma and electron beam irradiation”  

  

10.50 – 11.15 Coffee break 

 

Session III Discussion and Identification of Emerging Needs and Gap Areas in 

the Research Directions for Research and Development 

 
11.15 – 12.30 

 

Discussion 

 

12.30 – 14.00 
 

Lunch break 

 

14.00 – 15.30 

 
15.30 – 16.00 

Discussion  

 

Coffee break 

 

16.00 – 17.00 Summarizing the discussions of the day 

 

Thursday, 05 March 2020 

 

Session V Finalizing Participants’ Work Plan and Preparation of Technical 

Document - ALL PARTICIPANTS 

09.30- 11.00  Visit to the National Center of Nuclear Sciences and Technology 

CNSTN: facilities and laboratories 

 

11.00 - 11.30 

 

Coffee break 

11.30 – 13.00  Discussion in the conference room, CNSTN 

 

13.00 - 14.00 Lunch break (at Sidi Thabet) 

 



 
 

14.00 – 15.30 Visit of a Touristic Traditional City (Sidi BouSaid) 

 

Hospitality event (typical Tunisian dinner) 

Friday, 06 March 2020 

Session VI: Discussions of Final Draft of Technical Document 

 

09.30 - 11.00 Drafting 

 

11.00 - 11.30 Coffee break 

 

11.30 – 13.00 Drafting 

 

13.00 - 14.00 Lunch break  

14:00 – 15:30 Review/Closing of the meetings 

  

  



 
 

ANNEX III 

 

Country Biohazard Chemical 
pollutants 

Matrices Radiation 
sources 

Dosimetric 
system 

Dose 
rate 

Analytical 
methods 

Microbiologic
al methods 

Toxicology 
methods 

Potential 
environmental 

application 
Argentina Zoonotic 

microorganisms 
- Laboratory 

animal waste 
Gamma 
multipurpose 
facility 

Alanin 20 
kGy/h 

- Conventional culture 
methods 

Vermicomposting 
assay; 
Seed germination 
and plant growth 
tests 

Reuse or recycle in 
Compost production 

Brazil Airborne fungi - Air filters Gamma 
multipurpose 
facility 

PMMA Harwell 
Red 

5.5 
kGy/h 

- Conventional culture 
methods; 
Morphology; 
DNA Sequencing 

- Safety reuse and 
reduction of solid 
residues 

Canada Aspergilus niger 
Bacillus cereus 
Paenibacillus 
amylolyticus 
 
Rice weevils 
Sitophilus oryzae 
 

- Rice X-ray 
Gamma ray 

Piranha RTI 657 
 
Alanine Pellet 
 
Harwell 
Gammachrome 
YR perpex 

Gamma 
-  
10.44 
4.558 
0.085 
kGy/h 
 
Xray -  
0.76 
kGy/h 

 Conventional culture 
methods 

 Food safety 

Egypt Salmonella 
Streptococcus 

- Dry food; 
Medical 
devices 

Gamma 
e-beam 

Alanine 
dosimeter 
FWT-60-00 
radiochromic film 
dosimetry 
 

Gamma 
- 1.1 
kGy/h 
 
EB - 
1.1 
kGy/mi
n 
 

- Conventional culture 
methods 

- Food safety; 
Sterilization of 
medical devices 

Germany Influenza 
A/equine/Miami/2
/63 (H3N8) 

60->30% 
sucrose 
gradient for 
centrifugation 
(NTC); 
20% sucrose 
cushion for 
ultracentrifuga
tion (PBS) 

NTC or PBS KeVac 
System, Linac 
Technologies, 
Orsay, 
France (200 
kV/5 mA) 

Risø B3 
dosimeter 

20 
kGy/s 

Quantitative 
Real-Time 
PCR, 
RNA Isolation 
and 
Bioanalyzer; 
ELISA 
 

- Hemagglutination 
Assay, 
Immunization 
and Challenge 
(mice), 
Virus 
Neutralization 
Assay 

Vaccines, 
Waste inactivation, 
Patient sample 
inactivation and 
upstreaming 

Equid 
herpesvirus 1 
(EHV-1) 

20% sucrose 
cushion 
before 
ultracentrifuga
tion 

PBS 20 
kGy/s 

Quantitative 
Real-Time 
PCR, RNA 
Isolation and 
Bioanalyzer, 
ELISA 

- Hemagglutination 
Assay, 
Virus 
Neutralization 
Assay 

PRRSV 
(European 
vaccine strain 
DV, MSD) 

15% sucrose 
cushion 
before 
ultracentrifuga
tion 

PBS 20 
kGy/s 

- Hemagglutination 
Assay, 
Virus 
Neutralization 
Assay 

E. coli 
(DH5alpha, 
puc18 plasmid 
for ampicillin 
resistance) 

- PBS 20 
kGy/s 

- plating on LB-agar ELISA 

RSV laboratory 
strain A long 
(obtained from 
ATCC, VR-26) 

Cell Cultur 
medium:  
DMEM) with 
GlutaMAX, 
10% FBS and 
Penicillin/Stre
ptomycin 

cell culture 
supernatant 

EB Lab-200 
device 
(COMET AG, 
Switzerland) 
200kV 

Risø B3 
dosimeter 

20 
kGy/s 

Quantitative 
Real-Time 
PCR, 
 

- ELISA, Virus 
Neutralization 
Assay, 
Immunization 
and Challenge 
(mice) 
 

E. tenella 
(Houghton strain) 
oocysts, 
sporulated 

- PBS KeVac 
system, Linac 
Technologies, 
Orsay, France 
200 kV/ 5 mA 

Risø B3 
dosimeter 

20 
kGy/s 

Western Blot - Vaccination 
experiment 
(chicken) 

Vaccine (attenuated) 

Rodentibacter 
pneumotropicus 

- TBS Linac KeVac 
System (200 
kV/5 mA) 

Risø B3 
dosimeter 

20 
kGy/s 

ELISA, LPS 
Based 
Reporter 
Assay 

Plating on columbia 
blood (COB) 
agar 

Immunization 
and Challenge 
(mice) 

Vaccines, 
Waste inactivation, 
Patient sample 
inactivation and 
upstreaming 

Hungary S. aureus - synthetic 
wastewater 
matrix: 7 ppm 
humic acid 
(44% carbon 
content), 105 
ppm NaHCO3; 
inorganic 
constituents  

e-beam 
(Tesla linac 
LPR-4, 4 
MeV, pulse 20 
– 40 Gy) 

Alanin, Chloro 
benzene 

500 
kGy/h 

HPLC 
analysis of 
antibiotics 

Conventional culture 
methods 

- Wastewater 
treatment 

Kuwait Pathogenic 
microorganisms  

Estrogens Wastewater e-beam  0.2 -  
10.0 
kGy 

Spiking into 
synthetic 
wastewater 
and assessing 

APHA  Wastewater 
Treatment 



 
 

before and 
after 
irradiation 

Malaysia Salmonella, 
Enterococci and 
protozoa 

Any metal 
ions possibly 
present within 
the sewage 
sludge 

Sewage 
sludge  

e-beam (EPS 
3000, 3 MeV, 
30 mA)  

CTA film Multiple 
ranging 
from 
0.93 to 
4.00 
kGy/s 

COD, TOC, 
Nitrate; 
Phosphate 
content. 

APHA 9620 
APHA 9260 
q-PCR  

Microtox Analysis Fertilizer for non-
food crops. 

Poland Salmonella sp., 
Helmiths eggs 

- Sewage 
sludge 

e-beam  
(ILU-6 – 1.7 
MeV or 
Elektronika 
10/10 – 
10MeV) 

Alanine, CTA 
films; PMMA 
Harwell Amber 

1 kGy/s  GC, 
photometric 
tests for 
SCOD,  
volatile solid 
content, dry 
mass content, 
carbon to 
nitrogen ratio 

Conventional culture 
methods 

- Sewage sludge 
hygienization for 
obtaining fertilizer 

Portugal Enteric viruses 
(human 
adenovirus, 
hepatitis A) 

- Tap water, 
seawater, and 
wastewater 

e-beam 
(LINAC; 10 
MeV) 

Radiochromic 
films FWT-60 

1.2 
kGy/mi
n 

COD 
TSS 

Cell culture (plaque 
assay); 
Molecular biology 
(ELISA, western 
blot, Long-range 
PCR) 

- Wastewater 
treatment; 
Tap water 
disinfection 

Russia Pathogenic 
microorganisms 

Toxic food 
additives 
(food colors, 
stabilizers, 
atioxidants, 
etc.) in 
individual and 
mixed 
effluents 

Wastewater LINAC 2-3 
MeV; X-rays 

Phenazine dye-
doped copolymer 
film SO PD(F)R-
5/50 

12 
kGy/mi
n 

COD 
BOD 
UV-Vis 
GCMS 

Conventional culture 
methods 

Microtox 
microalgae 

Wastewater 
treatment. 
Water recycle 

South Korea Antibiotics in 
water waste 

Antibiotics Water Gamma ray 
(470kCi) 
EB (10MeV 
and 2.5MeV) 

B3000 film 1-100 HPLC 
analysis of 
antibiotics 

Disk Paper Assay MTT assay Wastewater 
treatment 

Tunisia Staphylococcus 
spp. 
Enterococcus 
spp. Clostridium 
perfringens, 
Pseudomonas 
spp. and E. coli, 
Somatic 
coliphages 
(SOMCPH), F 
specific RNA 
phages (F-
RNAPH) 
Bacterial biofilms 

- Healthcare 
wastewater 

e-beam (3 
and 5 MeV) 

Alanine 
dosimeter 
FWT-60-00 
radiochromic film 
dosimetry 
 

1.1 
kGy/mi
n 
(EB) 

 Conventional culture 
method;  
 
ISO 10705-1 and 
ISO 10705-2  for 
phages 
 
FTIR for bacterial 
biofilms 
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Microcystis sp 

PFAS Groundwater, 
soils, sludges, 
landfill 
leachates, 
surface water 

EB (10 MeV) Alanine and B3 3 kGy/s LC-MS/MS Molecular biology, 
microbiology, omics 
technologies 
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lines 

Environmental 
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treatment and 
industrial pre-
treatment 
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Abstract 

Animal facility generates an increasing amount of solid residues that are considered hazardous waste due to their 

content of pathogenic and zoonotic microorganisms. A physico-chemical and biological characterization of the animal 

waste (AW) was carried out, the ability of ionizing radiation to decontaminate this product was evaluated, and a  

possible recycling of the decontaminated waste was studied. The material was composed by water and ammonium, 

with pH of 8. The biological load was mainly composed of aerobic bacteria (8.9 x 1011 CFU/g), fecal coliforms (5.2 

x 106 MPN/g) and Escherichia coli (3.4 x 105 MPN/g). Ionizing radiation slightly decreased pH and ammonia. The 

D10 value for aerobic bacteria was 0.62 kGy, fecal coliforms 0.58 kGy and E. coli for 0.68 kGy. The AW were 

composted with domestic organic residues for 30 days, and then worms of the genus Eisenia were added to catalyze 

the process. In 5 days, the worms started to circulate and feed on the substrate. 

 

1. OBJECTIVE 

The main objective of this report is to make a characterization of the AW from animal’s beds generated 

during the breeding and reproduction of rats in an animal facility, evaluate the effect of ionizing radiation 

on the parameters characterized and analyze the possibility of recycling the waste. 

 

2. INTRODUCTION 

Animal facility is a place which provides environment, housing, and management that are well suited for 

the species or strains of animals maintained and takes into account their physical, physiologic, and 

behavioral needs, allowing them to grow, mature, and reproduce normally while providing for their health 

and well-being [1]. 

In Argentina, rats and laboratory mice represent between 80 and 90% of the demanded species. These 

animals are destined to biomedical studies in the areas of immunology, neuroscience, oncology, genetics 

and pharmaceuticals. 

During the process of breeding and reproduction an increasing amount of waste are generated. They are 

composed of dead animals, materials from microbiology laboratories and waste from animal beds.  

In Argentina, according to Law 24.051, these wastes are considered “hazardous waste” because of their 

content of viable microorganisms that can cause disease in animals or human being. These materials usually 

are incinerated. However, the regulations admit the use of other treatments that allow to obtaining a less 

hazardous waste, or one that allows the recovery of the residue. So that recycling or reuse of the organic 

material in the AW can be done. This alternative can have a considerable effect on cost reduction and solve 

the problem of its disposal [2]. 



 
 

Ionizing radiation is released by atoms in the form of electromagnetic waves (gamma rays) or by particles 

(electrons). The interaction of radiation with biological matter causes damage by causing its ionization and 

alterations in the DNA. This molecule suffers breaks in the chains and injured in the bases or sugars, which 

ends in microbial inactivation. In this way, a pathogen-free final product can be guaranteed that can be used 

as an integral part in the recycling of AW contaminated with microorganisms [3,4]. 

The radiation technology allows processing the waste by 2 ways. One is the use of a gamma ray source, 

such as Cs-137 or Co-60. Gamma rays have a good penetration, which ensures that the radiation effect 

reaches a thick layer of the treated waste. The other option of ionizing energy is electron beam equipment, 

which accelerates charged particles in only one direction. These machines do not include a radioactive 

source and are classified according to the energy range of the electron beams, but since they are particles, 

their penetration is lower [4]. 

There are currently irradiation plants for the treatment of waste, mud or effluent for sanitation purposes in 

Vadodara (India), Munich (Germany), and in Daegu (Korea), among others [5].  

With respect to the elimination of dangerous organisms in AW, the potential of irradiation to reduce the 

count of bacteria, fungi and yeasts in dry manure of fattening chicken and cow with doses of 2.5 kGy - 20 

kGy was reported [6]. 

 

3. MATERIALS AND METHODS 

For the experiments laboratory AW from the Ezeiza Atomic Center (CAE) animal facility was used. In this 

facility about 3000 animals are produced each year. They produce rats, mices and hamsters for use within 

the institution or sale. During this process approximately 650 kg of solid residues are generated each month. 

For this project were used AW of rat Rattus rattus species, from the Wistar and BDIX strain. 

3.1. CHARACTERIZATION OF THE AW 

The AW was characterized in its macroscopic composition, water content, pH, ammonium concentration, 

mesophilic aerobic bacteria (MAB), mesophilic anaerobic bacteria (MAnaB), aerobic and anaerobic spores 

(AS and AnaS), mycelial fungi, fecal coliforms and Escherichia coli. 

Moisture content was determined with a sample of 5-10 g, weighted and dried at 105°C until constant 

weight 7. For pH, 5 g of AW was mixed with 45 ml of distilled water, allowed to settle and measure by a 

pHmeter or with pH test tapes (Merck) [1].  

Ammonium quantification was performed by diluting the sample in distilled water, reacting with phenol 

and hypochlorite in alkaline medium to produce in the presence of ammonia indophenol blue. The 

quantification was performed by spectrophotometer colorimetry at 540 nm, using a concentration 

calibration curve. 

For the microbiological characterization of the waste, the sample was serially diluted 1/10 in peptone water, 

and counts were made for MAB, MAnaB, AS, AnaS and micelial fungy. Bacterial and spore counts were 

performed in trypticase soy agar (OXOID) using surface seeding and incubated in aerobically or 

anaerobically as appropriate at 32 °C. For the spore count, the first dilution of the AW was heated for 10 

min at 80 °C to remove the vegetative cells, then dilutions were made and seeded in TSA plates. For 

anaerobic counts, anaerobic jar and generators (Merck) were used. The colony counts were made at 48 h. 

To determine the presence of mycelial fungi, the samples were seeded on potato dextrose agar (OXOID) 



 
 

and sabouraud dextrose agar (OXOID) plates, at 28 ° C for 5 days. The results were expressed as colony 

forming units (CFU)/g AW. All trials were performed at least in 2 repetitions. 

The presence of fecal coliforms was characterized according to the methodology of EPA 2014 [8]. Briefly, 

a dilution was made in buffer solution and the pH was neutralized. Different dilutions of the sample were 

made in lauryl tryptose broth (OXOID), for 48 h at 35 °C. The tubes that presented microbial development 

and gas production were passed to tubes with EC Broth (OXOID) and incubated at 44.5 °C for 24 h. The 

tubes that showed presence of microbial development and gas production were quantified and the results 

was expressed as most probable number (MPN)/g AW of fecal coliforms. To determine the presence of E. 

coli, the indole test was carried out in tryptone water (OXOID) and revealed with Kovac reagent [9]. 

Positive results were expressed as MPN/g AW. 

3.2. EFFECT OF RADIATION ON WASTE 

The residues were irradiated with a source of cobalt-60. The installed activity is 820 kCi. The dose range 

used for the experiment was 0.25 - 60 kGy. The dose rate was 20 kGy/h. To determine the absorbed dose, 

alanine dosimeters were used and analyzed by the CAE High-dose Dosimetry Laboratory. 

The effect on the physical-chemical properties, and the microbial population present in the sample was 

determined using the methodology described in point 3.1. 

Bacterial isolations of the samples were obtained and their sensitivity to radiation was characterized. For 

this, an inoculum was prepared in the brain heart broth (OXOID) which was incubated for 18 h at 32 °C 

and 150 rpm. The bacterial cells were washed twice with peptone water and then inoculated in bags of 10 

grams of sterile AW. They were irradiated with increasing doses, and the bacterial load was analyzed, and 

results expressed as CFU/g AW. All trials were performed in triplicate and in 2 repetitions. 

3.3. RECYCLE OF DECONTAMINATED AW 

A composting test in containers was performed using the following substrates: 

1. Sawdust 

2. AW + 10 kGy 

3. AW + 30 kGy 

4. AW + 121C, 1 atm, 21 min 

The substrates (550-1000 g) were added in 20 l containers. Household organic waste composed of fruits 

and vegetables in the same amount was added. The substrates were moistened with water once or twice a 

week, and iron sulfate solution (4%) or citric acid (2%) was added to containers with a pH greater than 7. 

The pH was measured weekly according to the methodology described in 3.1 using pH strips. Ambient and 

substrate temperatures were measured during the composting process. The temperature of the composting 

was measured with a mercury thermometer, which was introduced in 5 points of the container [7]. The 

ambient temperature was also determined with a mercury thermometer, in the area around where the 

containers were found. The moisture of the residues was determined by the oven drying method at 105°C. 

After 30 days of the process, about 100 g of worms of the genus Eisenia were added on each container. 

Visual inspection of the substrates was performed for the areas where the worms were located, their state 

of activity and hydration. 

 



 
 

4. RESULTS AND DISCUSSION 

4.1. CHARACTERIZATION OF THE WASTE 

Animal facility must guarantee the welfare of animals according to their needs. As a result, AW are 

generated, the highest percentage is composed of the materials that make up the bed of the cages, such as 

wood chips, feces and hairs. Bed residues are generated during animal breeding and reproduction due to 

their metabolic processes. When observed with a high content of waste animal beds are changed. The usual 

frequency is 1 to 2 times per week. The AW generation flow is shown in the following FIG. 1: 

 

FIGURE 1: Waste generation in animal facility. 

Sawdust is placed in the cages. Animals transit, sleep and deposit their waste on the surface. Waste is 

deposited and accumulates on sawdust. The animal caregiver visually controls the condition of the beds, 

and every 3 or 4 days the dirty material is removed and replaced with clean sawdust. 

AW is composed of a mixture of organic material as described below: 

TABLE 1: AW composition. 

Sawdust Animal feces Urine Hair 

Celulose Microorganisms Water Queratine 
Lignine Carbohidrates Urea Lípids 

Hemicelulose Fibers Minerals Minerals 

 Proteins   
 Lipids   

 Water   
 Minerals   

 

The AW has a varied composition. They have trees bark residues which contain cellulose and lignin. The 

animal residues include feces and urine. These animal residues are rich in nitrogen compounds such as 

proteins and urea. Rats produce 12 ml of urine per day, and daily urea excretion is of 25 mmol/day•kg body 

weight [10]. This contributes to increase the content of water and urea in the AW. In humid environments, 

urea can be hydrolyzed by the microbial enzyme urease, with degradation products ammonium (NH4
+) and 

bicarbonate anion (HCO3
-). Ammonium is responsible for the strong smell that AW presents.  

Mammals and birds, like their excreta, are widespread throughout the planet, and frequently contaminate 

the water used for bathing and recreation, which is treated and distributed for human consumption and for 

crop irrigation. The risk that such contamination represents for human health is not fully elucidated. It is 

assumed that for human health animal feces represent a minor danger, due to the "species barrier", but the 

reality is that of the 1400 human pathogens, 60% are transmitted to humans zoonotically [11]. For that 

reason, the AW is considered dangerous wastes, and in the animal facility the generator is responsible for 

its treatment to eliminate the danger [2]. 

In TABLE 2 the composition of the studied residue is shown: 



 
 

TABLE 2: Composition of AW 

 

Composition of AW (%) 

 

Water Animal feces Sawdust + others 

31 ± 13 20 ± 3 49 ± 10 

 

The AW is composed mainly of sawdust, water and animal feces. It has a high variability because it depends 

on the environmental conditions (temperature, ambient humidity), number of animals in the cage, age of 

the animals, feeding, health status of the animals, etc. On average, the residue is composed of 31 ± 13% 

water, 20 ± 3% of animal feces, and 49 ± 10% of sawdust and other products such as hairs, nails, food 

debris, etc. According to the results obtained, it can be seen that it is a very variable residue in its 

composition. 

Comparative characteristics of sawdust and the AW are shown in the TABLE 3: 

TABLE 3: Comparison between sawdust and AW 

 Sawdust AW 

pH 6.83 8.71 
Moisture (%) 11.4 ± 0.1 40 ± 14 

Ammonia (g/Kg) 0.05 ± 0.03 8 ± 1 

 

When comparing sawdust with AW, it is observed that sawdust has an almost neutral pH of 6.83, while 

AW has a more alkaline pH of 8.71. In sawdust the moisture content is 11.4 ± 0.1% while in the AW it is 

considerably higher, with a value of 40 ± 14%. On the other hand, the ammonia content was 0.05 ± 0.03 

g/kg for sawdust, while in the AW it was 8 ± 1 g/kg. In the process of urea degradation and ammonia 

formation, protons are absorbed from the medium, which could explain the rise in the pH of the sample 

[10]. 

The results of the AW microbiological characterization are shown in the following FIG. 2: 

 

FIGURE 2: Levels of naturally occurring microorganisms in AW 

The sample presented a diverse bioburden as show the FIG. 2. The microbiological approach was carried 

out on mesophilic structures that develop at 32°C. Vegetative cells and spores were analyzed, finding that 



 
 

the bioburden was mainly composed of aerobic and anaerobic bacteria. In the samples analyzed aerobic 

bacteria were found in the range 2.5 x109 CFU/g - 3.4 x 1012 CFU/g, with an average of 8.9 x 1011 CFU/g. 

Anaerobic bacteria were found in the range 4.0 x105 CFU/g and 1.6 x 108 CFU/g, with an average of 5.1 x 

107 CFU/g. On the sample, the presence of spores was observed. Spores were defined as resistance 

structures that still were viable after 10 min at 80°C. Aerobic spores were found in a greater number than 

anaerobic spores. The aerobic count was found in the range 2.0 x103 CFU/g - 3.6 x 105 CFU/g, with an 

average of 1.2 x 105 CFU/g. The anaerobic spore count was found in the range 2.0 x102 CFU/g and 6.7 x 

103 CFU/g, with an average of 2.2 x 103 CFU/g. On the other hand, the search for mycelial fungi was 

performed, but they were not present in the sample. 

As the AW contains animal feces, the presence of fecal coliforms and E. coli is expected. A characterization 

of its presence was carried out and the results are shown in the following TABLE 4: 

 

TABLE 4: Naturally occurring fecal coliforms and E. coli in AW 

 Fecal coliforms (MPN/g) E. coli (MPN/g) 

Wet weight 5.2 x 106 3.4 x 105 

Dry weight 4.2 x 106 2.8 x 105 

 

The presence of fecal coliforms and E. coli in the samples was observed. Fecal coliforms are defined as the 

group of coliform organisms that can ferment lactose at 44.5 ° C. They include bacteria of the genus 

Escherichia and also species of Klebsiella, Enterobacter and Citrobacter. Fecal coliforms were found in 

the order of 5.2 x 106 MPN/g AW (wet weight) or 4.2 x 106 MPN/g AW (dry weight). The count of E. coli 

was in a minor order. In the wet weight of the sample, the count was 3.4 x 105 MPN/g, while the result on 

the dry basis of the material was 2.8 x 105 MPN/g. 

4.2. EFFECT OF RADIATION ON WASTE 

The effect of radiation on the AW was studied in order to characterize the microbial inactivation of the 

population present. Other’s parameters such as pH and ammonia content were evaluated, and results are 

presented in FIG. 3 

 

FIGURE 3: Effect of radiation on pH and ammonia concentration in AW 

In the irradiated samples a slight decrease in pH and ammonia concentration is observed with respect to the 

unirradiated control. In the control without irradiating the pH it was 8.7, while in AW treated with 10 kGy 

the pH was 8.5 and, in the samples, treated with 30 and 60 kGy pH was 8.3. The initial ammonia 



 
 

concentration was 8.3 g/kg AW, and in the irradiated samples a reduction greater than 10% with 

concentrations between 6.6-7.3 g/kg. 

The effect of radiation on the microbial population characterized as MAB, MAnaB, AS and AnaS was 

studied. Results are presented in FIG. 4: 

 

FIGURE 4: Effect of radiation over the microbial population on AW 

In all cases a dose effect was observed. The data obtained fits a first order linear regression. As the dose is 

increased, a higher cell inactivation of the replication was observed in all the natural contamination 

structures of the sample that were analyzed. In MAB and AS at 7.0 kGy no count is observed, the same 

happened with MAnaB at 5.4 kGy, and with AnaS at 3.7 kGy. 

From these results, the D10 value was determined to obtain the radiation dose necessary to decrease the 

population by one log. The following Table shows the results: 

TABLE 5: D10 value for natural contamination in AW. 

 D10 

MAB 0.62 ± 0.08 
MAnaB 1.0 ± 0.3 

AS 1.6 ± 0.2 
AnaS 1.7 ± 0.6 

 

The results obtained show that the MABs were the microbial group with the highest radio sensitivity, with 

a D10 value of 0.62 ± 0.08, while the MAnaB were more resistant to radiation and a higher dose was required 

to inactivate 90% of the population with a D10 of 1.0 ± 0.3. On the other hand, the AS and AnaS showed 



 
 

greater resistance than vegetative cells. The D10 values were 1.6 ± 0.2 and 1.7 ± 0.6 for AS and AnaS 

respectively. The AnaS radio resistance was slightly higher. 

Fecal coliforms and E. coli constitute a group of potential pathogens, so the evaluation of their radiation 

sensitivity in the natural matrix was considered relevant. The analysis method is based on MPN counting 

method. The results obtained are presented in the following FIG. 5: 

 

FIG. 5: Effect of radiation on fecal coliforms and E. coli on AW. 

At dose response effect is observed, the results obtained were adjusted to a linear regression and the D10 

value was calculated. It is important to know that in this substrate a dose of 3.3 kGy is enough to eliminate 

an initial population of fecal coliforms of 5.2 x 106 and 3.4 x 105 respectively. TABLE 6 shows the results 

of the value D10: 

TABLE 6: D10 value for fecal coliforms and E. coli in AW 

 D10 

Fecal coliforms 0.58 
E. coli 0.68 

 

The fecal coliforms present in the AW had a D10 value of 0.58, while in E. coli it was 0.68, which shows a 

greater radiation resistance of E. coli to radiation than the fecal coliform group in general. 

When the radiation effect test on the natural microbial contamination of the AW was carried out,  bacterial 

isolates were made based on the morphological characteristics of the colonies. In the following FIG. 6 the 

isolates obtained from each plate are shown. 

 

FIGURE 6: MAB isolated in AW. 

From the control plates the A0 isolation was obtained, this morphology of colonies was predominant at the 

dilution count. In the residues treated with 3 kG 3 isolates were obtained and called 3C, 3D and 3E. The 



 
 

3D was the one that was in greater proportion and its morphology corresponds to 74% of the colonies 

present, while 3C and 3E were found in 12.8% and 12.7% respectively. The 3C and 3D isolates correspond 

to Gram + coconuts. While 3E was a Gram + bacillus.  

The effect of radiation on the isolates A0, 3C and 3D was evaluated al inoculate them on the sterile residue. 

The results are presented in the following FIG. 7: 

 

FIGURE 7: Effect of radiation on 3 isolates of AW. 

The initial counts of the microorganisms were found in the order 107-109 and were exposed to increasing 

doses of radiation up to 3 kGy in plastic bags with AW. A dose response effect was observed, and the 

results were adjusted to a linear regression curve. From the curve data, D10 values were obtained for each 

isolated bacteria. TABLE 7 shows the D10 value of the isolated bacteria: 

TABLE 7: D10 value for isolated bacteria in AW 

 D10 

A0 0.35 ±0.01 
3C 0.54 ± 0.03 

3D 0.845 ± 0.001 

 

The 3D isolation was the one with the highest radio resistance, with a D10 value of 0.845 ± 0.001. This 

isolation was the most abundant in the waste treated with 3 kGy, possibly due to its radiation resistance, 

and the surviving population at this radiation dose was enriched in this isolation. In decreasing order of 

radioresistance is the 3C isolation with a D10 value of 0.54 ± 0.03. This isolated was also abundant in the 

waste treated with 3 kGy. On the other hand, the A0 isolation was the most sensitive of the 3 analyzed with 



 
 

a D10 value of 0.35 ± 0.01. This result explains why this colonial morphology that predominates at 0 kGy 

is no longer observed at a dose of 3 kGy and the sample is enriched in other microorganisms. 

As a great variability in the moisture content of the AW was observed, it was of interest to investigate 

whether the percentage of water in the sample affects microbial inactivation when exposed to radiation. In 

the animal facility, the percentage of moisture in the AW is not only affected by the content of urine and 

feces contained in the sample, but also by the humidity of the environment and the previous moisture of the 

sawdust. For this, an AW sample was taken; its moisture percentage was determined and adjusted to other 

higher values. The samples were then irradiated, and the bacterial count was analyzed.  

FIG. 8 shows the results obtained by adjusting the humidity of the samples and irradiating them with 0 kGy, 

0.9 kGy and 3 kGy. 

 

 

FIGURE 8: Effect of radiation on AW with different moisture content. 

 

The initial AW sample contained a humidity of 30%, and was adjusted to 40%, 50% and 60% 18 h before 

being exposed to radiation. The results showed that in samples without irradiation the bacterial count was 

in the order 1010 in all cases, in samples treated with 0.9 kGy the bacterial count decreased, but in all 

treatments with moisture content from 30% to 60% it was in order 109. When the AW was treated with 3 

kGy in all the samples the bacterial count was in order 107. Based on this, the percentage of moisture in the 

sample does not have effect on microbial inactivation in this type of residue at doses evaluated.  

4.3. RE-USE AND RECYCLING OF DECONTAMINATED ANIMAL WASTE 

Composting technology is one of the most important methods for organic waste disposal. The compost 

products were proved beneficial for soil amendment and nutrient supply. That makes it widely used for 

organic production. Vermicomposting is another method to manage organic waste from agriculture and 

from municipal sources [12]. 

According to the hazardous waste law in Argentina, the decontaminated waste can be discarded as a 

common waste, or it can be reused for different uses as landfill, or to be mixed with soils, enrich it with 

organic nutrients and allow soil aeration by the sawdust content that by its structure allows containing air 

in the soil.  

However, it was of interest to evaluate the recycling of decontaminated AW through a vermi-composting 

process. This term is used for a process combined by two phases: the first is pre-composting, which is an 



 
 

aerobic composting, and then the inoculation of worms is carried out for further decomposition of organic 

matter [12]. 

For the pre-composting phase four treatments were performed. The first consists of clean sawdust, the 

second of AW of laboratory animals treated with 10 kGy; the third of AW treated with 30 kGy and the last 

of residues treated with moist heat at 121°C - 1 atm. 21 min. 

These residues were mixed with equal weight of remains of fruits and vegetables (orange, tomato, corn, 

avocado, onion, lettuce, peach, etc.). These household wastes were included to provide moisture and 

decomposing microorganisms.  

The following figure shows an image of the waste used: 

 

FIGURE 9: Substrates used in the composting test: Sawdust (A), irradiated AW (B), autoclaved AW (C), 

domestic organic waste (D). 

The wastes were placed in 20 l containers with a lid that had holes in the bottom to drain the excess liquid. 

Subsequently the containers were incubated in a closed box at room temperature. In the following FIG. 10 

containers and their location during the test: 

 

FIGURE 10: Containers of composting experiment 

The temperature was monitored during the 27 days that the pre-composting phase lasted. In the FIG. 11 

the results obtained are presented: 



 
 

 

FIGURE 11: Containers temperature on the pre-composting phase. 

In FIG. 11 in addition to the temperatures of each container (C1 to C4), the maximum and minimum 

temperatures recorded each day were included. It can be seen that the temperatures of the containers in 

general were below the maximum temperature and above the minimum temperature each day when 

monitored. Maintaining a temperature below 35°C is important because it can cause worms to die. 

In the following FIG. 12 weekly images of the evolution of the waste inside the containers are shown 

 

FIGURE 12: Weekly evolution of the pre-composting test 



 
 

As can be seen in FIG. 12 during the entire composting process a change in the coloration of the samples 

is observed, the sample was mixed and moistened with water frequently and the moisture content increased 

considerably. 

40 days after the start of the test, the quantification of the urea and remaining ammonium was carried out 

in the 4 containers, finding almost zero concentrations of both. Urine of rats and mice’s is very rich in urea 

CO(NH₂)₂. This compound is an important source of nitrogen and is used as a fertilizer applied in the soil 

or at the foliar level, in the chemical and plastics industry, as a food supplement for cattle, in the production 

of other compounds and in the cosmetic industry. However, if it is in a humid environment by the action of 

the enzyme urease it is transformed into ammonium ion (NH₄⁺). This hydrolysis generates a significant 

increase in pH since it consumes protons. This increase in pH displaces the balance, favoring the 

volatilization of NH3 into the atmosphere. In this way it becomes an acid pollutant that contributes to the 

formation of ammonium sulfate and ammonium nitrate aerosols, which impair air quality.  To avoid this 

loss of nitrogen in the form of ammonium, the possibility of inoculating nitrifying microorganisms as 

members of the genera Nitrosomonas, Nitrosococcus, Nitrobacter and Nitrococcus, which transform that 

of ammonium (NH4 +) to nitrate (NO3
−), could be evaluated. 

After 5 weeks Californian worms were added to the sample. In FIG. 13 an image of the worms added is 

observed: 

 

FIGURE 13: Californian worms added to containers 

Earthworms are considered a symbol of soil fertility, they feed on existing organic particles in the substrate, 

digest them and expel them in the form of nutrient-rich wastes. They move through the underground digging 

galleries, which aerate the soil and give it a spongy texture, with their activity they are able to enrich the 

soil by dragging organic matter to the lower parts and bringing mineral compounds from the lower layers 

and making them available to the plants. The worms accelerate the composting process and a nutrient-rich 

product with a microbial richness superior to other types of compost is obtained. Generally, the worms that 

are used for waste treatment techniques are from the genus Eisenia, especially E. foetida and E. andrei, 

called Californian red earthworm. Their preferential use is based on the fact that they have the capacity to 

feed up to 90% of their weight per day, adapt to various climates and have a high reproduction rate. The 

vermicompost process allows reducing up to 60% organic waste. 



 
 

In week 5, Californian worms were added. They were placed on the surface of the waste in pre-composting 

with the substrate on which they were acquired. The worms were over dried tree leaf and paper as a bed to 

allow and facilitate its adaptation to the new substrate. During the first days the nematodes remained on the 

surface of the containers, located in their beds. 

Three days after the addition, the worms began to circulate first in container 1 and container 3. In week 6, 

most worms in containers 1, 2 and 3 were distributed throughout the container. While in container 4 most 

remained on the surface. The following FIG. 14 shows images of the AW and the worms in week 6. 

 

 

 

  

  
FIGURE 14: Vermicomposting in AW. Week 6. 

At the end of week 7, organic waste was added to the containers. In week 8 the containers suffered an 

invasion of black ants, to avoid their permanence; the containers were moistened and mixed waiting for 

them to leave the place. 

A comparative analysis of the costs of current waste treatment by incineration and irradiation treatment was 

performed. The animal facility generates weekly about 8 bags of 20 kg of waste material. This represents 

about 650 kg/month. This implies a monthly cost for the animal facility of 300 USD. On the other hand, 

the cost of irradiating this material in the semi-industrial irradiation plant with 10 kGy is 96 USD/month. 

Waste incineration is the most common treatment given to hazardous waste. For the generator in the animal 

facility it is a simple way to get rid of the problem. But incineration contributes to global warming by the 

generation of carbon dioxide. 

On the other hand, the irradiation of this type of products allows to discard them as common garbage, or 

they can be reuse as landfill. Other option is to recycle the waste in a vermicomposting process. Recycling 

allows obtaining a product with added value as a soil improver that can be used in landscaping, horticulture, 



 
 

producers of flowers and ornamental plants, is cheaper than other treatments, allows obtaining worm protein 

that is used in animal feed, generates a new source of income for irradiation plants. However, the most 

important thing is that it promotes the use of radiation technology in an area that is unknown to Argentina, 

and its use will allow increasing not only the diffusion of ionizing radiation for the purpose of inactivating 

of biohazards, but also, an increase in the demand of these technology will attract investors to the creation 

of new gamma irradiation plants and electron beams facilities. 

The CNEA is registered as a generator of pathogenic waste. To perform the decontamination treatment, the 

institution must register as a pathogen waste operator in the Provincial Agency for Sustainable 

Development and with the Ministry of Environment. The person in charge would be the head of the 

Environmental Management Section of the CAE, and the treatment plant would be the CAE Semi-Industrial 

Irradiation Plant. 

 

5. CONCLUSIONS 

The present research highlights the potential use of radiation technology to eliminate microorganisms 

present in laboratory AWs. 

The results obtained allow the AW to be characterized as a heterogeneous product composed of a large 

percentage of water, animal feces and sawdust. With an alkaline pH and presence of ammonium. 

Microbiological characterization indicates that it has MAB mainly, but MAnaB, and aerobic and anaerobic 

spores are also found. No presence of mycelial fungi was observed. Among the potential pathogenic 

microorganisms, the presence of fecal coliforms and E. coli was quantified. 

The effect of radiation on the pH and concentration of ammonia was characterized, observing a slight 

decrease in both. The D10 was determined for the microbial groups present, indicating that in increasing 

order of sensitivity the fecal coliforms, E. coli, MAB, MAnaB, AS and AnaS are found. In the test, a dose 

of 3.36 kGy was enough to eliminate fecal coliforms and E. coli. With 7 kGy no count was observed in the 

other analyzed microbial groups. Microbial isolations of the assays were obtained, and their radiation 

sensitivity was assessed by determining the D10 value. The A0 isolation obtained from untreated AW was 

the most sensitive, and the abundant 3C and 3D isolates in AW treated with 3 kGy were more resistant. 

Among these, 3D was the most abundant and presented greater resistance to radiation. The effect of  the 

percentage of humidity in the sample on the radiation sensitivity was evaluated, finding that in a humidity 

range of 30 - 60% the results of microbial counts were very similar between the microbial counts obtained 

in untreated AW at different moisture content, and treated with 0.9 and 3 kGy. 

Obtaining a pathogen-free residue allows its disposal as a common residue, can be used for soil filling, or 

it can be recycled through a vermicomposting process. During the pre-composting temperatures were 

similar to the environmental ones, the residues were maintained wet. After 27 days worms were added that 

quickly began to circulate through the sawdust substrate, and 5 days later in the AW irradiated, while in the 

autoclaved residue did not have good acceptance by worms and there are few worms that come down from 

the bed that is on the surface to the substrate. Fifty days after the start of the treatment, a low concentration 

of urea and ammonia is observed in the substrate, and visually a reduction in the volume of the residue, 

which is still in the process of decomposition. 

6. FUTURE PLAN OF RESEARCH 

We propose to continue working and improving the recycling process of laboratory AW. 



 
 

To evaluate the viral sensitivity to radiation in AW (these tests are in process with the collaboration of the 

Department of Virology of the Faculty of Biochemistry and Pharmacy of the University of Buenos Aires). 

Characterization of liquids effluents of animal origins with biohazards. 
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Abstract 

Fungal bioburden in filters from air conditioning systems of cars represents a possible source o f respiratory diseases 

to passengers and drivers. In the first phase of the project, the analysis of samples of air conditioning filters from 

eighteen vehicles collected in the city of São Paulo demonstrated a high fungal contamination. The filters samples 

were irradiated with gamma rays, with  10, 15 and 20kGy. However, these doses were not enough for the 

decontamination and 20 kGy was the more effective.  The confirmation of radioresistant fungi specie, which remained 

after 15 kGy, was carried out  with genetic sequencing. It was confirmed the presence of Penicillium, Fusarium and 

Aspergillus (toxigenic), in the second phase of the study. Combined methods can be effective for lowering doses of 

irradiation if associated with chemical treatments with car sanitizers. Few data was obtained with different types of 

chemical sanitizers (Denatonium benzoate + 15 kGy)  and irradiation and no pathogenic fungus survived this 

condition.   

 

Workplan 

• Identification of fungi through molecular biology and conventional microbiology on paper 

matrices; 

• To establish suitable environmental conditions for irradiation of vehicular air conditioning filters 

(VAIFs); 

• To optimize radiation doses for a suitable treatment and safety of VAIFs; 

• To demonstrate technical feasibility of gamma radiation for decontamination of filters and discuss 

the results with public in charge of solid residues programs; 

• To apply similar procedures for others important substrates/matrices for contributing with the 

governmental programs for the reduction of solid residues and biohazards; matrices/substrates 

 

1. OBJECTIVE OF THE RESEARCH 

To apply ionizing radiation as a possibility for controlling biological hazards in different substrates, 

avoiding pathogenic microorganisms into environment and targeting automobile air conditioning system 

and fungi control. 

2. INTRODUCTION  

The small internal space (of most vehicles) causes concentration of various chemicals and organic 

compounds to be as much as or three times higher than in other closed environments. Fungal bioburden in 

filters from air conditioning systems of cars represents a possible source of respiratory diseases to 



 
 

passengers and drivers as a dangerous impact as a bioaccumulator on indoor air quality [1, 2]. These indoor 

conditions in vehicles are favourable to anemophilous fungi that are those whose spores are spread by the 

atmospheric air. Qualitative and quantitative knowledge of these fungi in a given region is of great 

importance and concern because they can cause several respiratory diseases in persons, such as asthma and 

rhinitis when inhaled. Infection within the respiratory system develops as a result of inhalation of the fungal 

spores present in the air [3, 4]. 

 

A standard plating regimen has been used for the initial examination of all isolates, so that identification 

procedures were carried out without foreknowledge of genus or even their subkingdom. All technique was 

conducted in accordance with good laboratory practice and the material was manipulated in a laminar flow 

cabinet, according to the laboratory guide for the routine isolation and identification of common fungi 

designed by Pitt and Hocking [5].  

 

Differential counting of fungi is often possible using classic methods in agar medium in Petri dishes, for 

each fungal genus and the results were also expressed in percentage (%), according to the technique 

described by Berjak [6] or pour plate technique that the counting is expressed by colony-forming units 

(CFU). The Petri dishes are incubated for 7 days at 25 °C and stored in a standard Biochemical Oxygen 

Demand (BOD) incubator, for growth of fungal cultures. After incubation, the examination and the total 

counting of fungal culture in the plates is made [5]. 

 

The fungal taxonomy of some species is possible after molecular tests (and are most appropriate) which are 

suitable for the characterization of taxa, since the classic identification of some species is difficult due to 

variations and overlapping morphological and biochemical characteristics of the isolates. Sequencing of 

the internal transcribed spacer (ITS) region of ribosomal DNA (rDNA) is recommended [7]. Besides the 

use of ITS region, the β-tubulin [8] and calmodulin [9] genes have been used for sequencing of fungi. In 

this respect, the study of DNA sequences may provide important information for the definition of species 

and their appropriate identification. In this respect, the study of DNA sequences may provide important 

information for the definition of species and their appropriate identification [10].  

 

According to Thakur and Singh [11], when irradiation is used alone it can induce undesirable chemical 

changes into materials, depending on the absorbed dose and the irradiation conditions. The use of combined 

processes has been found to inhibit the development of undesirable changes into substrate material. One 

way to prevent these changes is to reduce the radiation doses and use combined irradiation with heating, 

cryogenic temperature and modified atmosphere. The decreased cost of irradiation at lowered absorbed 

doses may offset the additional cost of any other applied process, depending upon the cost of the process 

relative to the cost of irradiation. 

 

In this study it is convenient to try previous cleaning and treatment of filters before irradiation in order to 

use lower doses of radiation. Preliminary activities have been carried out in this direction.  

 

3. MATERIALS AND METHODS 

The main species of fungi have been determined in vehicular filters from different districts of São Paulo 

metropolitan region. Gamma radiation has been applied for the decontamination of fungi and those 

pathogenic fungi were confirmed for biomolecular tools after standard inoculation of fungus from the 

control samples (used filters which were not irradiated). During the last period of the project fungus DNA 



 
 

extraction, amplification and sequencing have been carried out for the samples irradiated at 15 

kGy. We also started the studies with combined methods for fungal control.  

 

After the analysis of control group, samples were irradiated at 5.5 kGy/h at a Multipurpose irradiator. The 

samples were individually protected by an envelope and many of them were maintained in a box during 

irradiation, with 15 kGy and 20 kGy for fungal decontamination. The dosimetry was carried out with 

PMMA dosimeter (Harwell Red Perpex). Fungi isolation was entirely based on inoculation in Petri dishes 

with swabs directly in Sabouraud agar and the incubation of samples during 7 days at 25ºC was under 

carefully standardized conditions, as described by Pitt and Hocking [5]. 

3.1. DNA extraction, amplification and sequencing  

The sequencing of genome of eight radioresistant fungi was conducted at samples fungal growth after 15 

kGy, once the specie were not possible to identify by classic methods of taxonomy, as demonstrated by 

Aquino et al. (2018). This step was perfomed at Instituto de Ciências Biomédicas – USP, São Paulo, Brazil.  

The radiorresistant strains (n=8) were confirmed by sequencing of the ITS, β-tubulina and calmodulin [13] 

gene regions of rDNA. DNA was extracted and purified directly from fungal colonies grown on yeast 

extract sucrose agar at 25 °C, in the dark, for 3 days using the PrepMan Ultra® kit (Applied Biosystems, 

Carlsbad, CA, USA). DNA was quantified with the GeneQuant pro Calculator (Amersham Pharmacia 

Biotech, Cambridge, UK). A fragment of ITS region was amplified with the ITS1 (5′ 

TCCGTAGGTGAACCTGCG 3′) and ITS4 (5′ TCCGCTTATTGATAT 3′) primer pairs. Part of the gene 

β-tubulin was amplified using primers T22 (5′ TCTGGATGTTGTTGGGAATCC 3′) and TUB-F (5′ 

CTGTCCAACCCCTCTTAGGGCGACT 3′). Part of the calmodulin gene was amplified using primers 

CMD 42 (5′ GGCCTTCTCCCTATTCGTAA 3′) and CMD 637 (5′ CTCGCGGATCATCTCATC 3′).  

The PCR mixture contained 12.5 μL 2× PCR Master Mix (Promega, San Luis Obispo, CA, USA), 6.5 μL 

Milli-Q water, 2 μL DNA (40 ng), and 2 μL (20 pmol) of each primer (Prodimol Biotecnologia, Minas 

Gerais, Brazil) in a final volume of 25 μL. The amplification program included an initial denaturation at 94 

°C for 3 min, followed by 35 cycles of denaturation at 94 °C for 1 min, annealing at 57 °C (ITS), 49 °C (β-

tubulin), or 54 °C (camodulin) for 1 min, and extension at 72 °C for 1 min. A final extension step at 72 °C 

for 5 min was included at the end of the amplification.   

After PCR, the products were purified with the QIAquick PCR Purification kit (Qiagen, Hilden, Germany) 

and stored at −20 °C until the time of sequencing. The PCR products were sequenced using the same primers 

as those employed for amplification. The Big Dye® Terminator v3.1 Cycle Sequencing kit (Applied 

Biosystems) was used. The reactions were run on a 3100 DNA sequencer (Applied Biosystems). Consensus 

sequences were obtained using the AutoAssembler program (Perkin Elmer-Applied Biosystems) and 

SeqMan software (Lasergene, Madison, WI, USA). The sequences were used in BLASTn searches 

(www.ncbi.nlm.nih.gov) in order to confirm preliminary identification. 

3.2. USING OF SANITIZERS  AND GAMMA RADIATION  

According to IAEA [12], the combinations of the processes and their applications are being pursued to meet 

the end objectives of improved decontamination, waste volume reduction, safety and overall cost-

effectiveness in the irradiation treatment. To reduce the fungal contamination in filters, we purpose the 

combined method using the dose of 15 kGy in association with chemical sanitizers. In the third phase of 

this study, combined methods (chemical + irradiation) were applied. Five different sanitizers for vehicle air 
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conditioning filters were applied before gamma radiation. They are based on ethanol and denatonium 

benzoate and each product remained in contact with filters before irradiation at 15 kGy.  

Five air conditioner chemical sanitizers were used in the samples for 3 minutes. The sanitizers 1, 3 and 5 

were composed by denatonium benzoate. The sanitizers 2 and 4 were composed of ethanol.  The samples 

(n=5) were kept in bags (FIG. 1) with an atmosphere filled for 3 minutes with each sanitizer (in triplicate) 

and kept in cardboard boxes for 24 hours before the gamma radiation treatment with the dose of 15 kGy.  

Fig.1. Samples of filters in bags with five sanitizers 

 

4. RESULTS AND DISCUSSION 

In the first part of the project, the authors demonstrated the fungal contamination in vehicle air filters 

samples (n=18).  The research was carried out in São Paulo city (São Paulo State, Brazil), confirming the 

presence of many genus, including toxigenic filamentous fungi. All control samples were contaminated 

with fungi, with 17 genera, such as Aspergillus, Alternaria, Cladosporium, Nigrospora, Fusarium, 

Trichoderma and Penicillium. We found pathogenic Aspergillus species such as Aspergillus section Flavi 

and Aspergillus section Nigri, as well as Aspergillus fumigatus, Aspergillus clavatus and Aspergillus 

ochraceus. Domination of this species in the indoor air may be tantamount to a high risk of infection.  

Gamma radiation eliminated completely the fungal contamination in 38% of all samples using 15 kGy  

(FIG. 2). However, did not control the fungal burden in 11 samples (2, 6, 7, 9, 10, 11, 14, 15, 16, 17 and 
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18). The fungal growth was observed, even with a great reduction in the counts in colony-forming units 

(CFU). The irradiated samples with 20kGy were completely decontaminated, as demonstrated in Figure 3. 

 

Fig 2. Total fungal counts of control samples (0 kgy) and samples treated with 15kgy. 

 Fig. 3. Control samples (left) and irradiated samples with 20kgy (right). 

The results obtained during fungal DNA sequencing is presented at Table 1 . The filamentous fungi 

that survived the effect of gamma radiation at a dose of 15 kGy such as Aspergillus niger, A. flavus. and 

the species Penicillium glabrum and Fusarium incarnatum-equiseti belongs to mycotoxigenic fungi 

(pathogenic group). 

Table 1. Sequencing results of radiorresistant fungi 

Contig 1 Aspergillus flavus 

Contig 2 Aspergillus flavus 

Contig 3 Aspergillus flavus 

Contig 4 Aspergillus flavus 

Contig 5 Penicillium glabrum species complex 

Contig 6 Aspergillus niger 

Contig 7 Fusarium incarnatum-equiseti species complex 

Contig 8 Fusarium incarnatum-equiseti species complex 

 

When radiation was applied after the exposure of filters to chemical agents (Combined methods) 

no fungal growth was detected in all samples until the fifth day of incubation. The treatment 1 and 3 

demonstrated the growth of 3 unit forming colony (CFU) and 1 CFU, respectively, of yeast Rhodotorula 

spp. (not pathogenic fungi) after 7 days (TABLE 2). 

Table 2. Results of combined treatments and fungal counting. 



 
 

Treatment Chemical product + dose () CFU 
 

CFU 

Control samples 
 

1 Denatonium benzoate + 15 kGy 3* > 250 

2 
 

Ethanol + 15 kGy 0 > 250 

3 Denatonium benzoate + 15 kGy 1* > 250 

4 Ethanol + 15 kGy 0 > 250 

5 Denatonium benzoate + 15 kGy 0 > 250 

5. CONCLUSION 

The filamentous fungi that survived the effect of gamma radiation - 15 kGy, such as Aspergillus niger, A. 

flavus. and the species Penicillium glabrum and Fusarium incarnatum-equiseti, belongs to mycotoxigenic 

fungi (pathogenic group). The association of a dose of 15 kGy and five different products of chemical 

sanitizers showed that 60% of samples were completely sterilized after five days. The reduction of fungal 

contamination was significant as a decontamination method after seven days. Two samples (with 

denatonium benzoate + 15 kGy) demonstrated only the growth of yeast Rhodotorula spp. (not pathogenic 

fungi). No mycotoxigenic fungi such as Aspergillus, Penicillium, and Fusarium genera were detected in 

samples using combined methods. In order to establish a method for the control of fungi in air filters, the 

use of gamma radiation and sanitizer products showed that it is an efficient way to control mycotoxigenic 

or pathogenic fungi, using low doses to recycle the material against radioresistant species. 
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ABSTRACT 

Stored rice and rice products are prone to contamination by pathogenic fungi (Aspergillus niger), bacteria (Bacillus 
cereus and Paenibacillus amylolyticus), and rice weevil (Sitophilus oryzae). Treatment with antimicrobial essential 

oils (EOs) and irradiation are options to control spoilage organisms. The combination of oregano and thyme EOs 
displayed the best antibacterial and antifungal activities and showed a synergistic effect against B. cereus, P. 
amylolyticus, and A. niger.  Also, the combination of tea tree and eucalyptus essential oils showed best activity against 

S. oryzae. The relative sensitivity of γ-ray irradiation at dose rates of 10.445, 4.558, and 0.085 kGy/h was 1.22, 1.33, 
and 1.24, against A. niger, 1.28, 1.45, and 1.49 against B. cereus, and 1.35, 1.33, and 1.38 against P. amylolyticus, 

respectively. The relative sensitivity of X-ray irradiation at dose rate of 0.76 kGy/h was 1.63, 1.21, and 1.31against A. 
niger, B. cereus, and P. amylolyticus, respectively. The relative sensitivity of γ-ray irradiation at dose rates of 10.445, 
4.558, and 0.085 kGy/h in presence of eucalyptus EO was 6.39, 6.89, and 3.39, respectively, whereas, with tea tree 

EO was 6.40, 6.83, and 3.58, respectively against  S. oryzae. On the other hand, the relative sensitivity of X-ray 
irradiation at dose rates of 0.76 and 0.19 kGy/h in presence of eucalyptus EO was 3.57 and 3.35, respectively, whereas, 

with tea tree EO was 4.21 and 4.01, respectively against S. oryzae. 

1. INTRODUCTION 

Postharvest loss is a complex problem and its scale varies with several factors such as varieties of crops, 

practices, climatic conditions, and country economics. Most of the harvested grains are susceptible to 

fungus and bacterial growth, as well as insect infestation during storage (1). The genus Aspergillus is a 
well-known storage fungus and has the ability to produce various kinds of mycotoxins that can cause acute 

and chronic health problems in humans and in farm animals (2). The members of the genus Bacillus and 

Paenibacillus are large, Gram-positive rod bacteria that are ubiquitous in the environment and often found 

in soil, air, water, and food (3). Also, the rice weevil, Sitophilus oryzae (L.), is an important pest of stored 

cereals worldwide. Infestation by this microorganisms and insect species causes severe quantitative and 
qualitative losses on grain products, alter nutritional and aesthetic value and contaminate food commodities 

with insect bodies, excrements and most importantly by mycotoxins, as a result of insect-promoted fungal 

growth during storage (4,5). Increasing consumer concern has driven research into development of novel 

methods to eliminate food-borne pathogens in conjunction with the existing ones for controlling stored 

product pests. Concerns about the safety of synthetic compounds have promoted research in plant resources 
and naturally-derived essential oil metabolites (6). An exhaustive number of studies have uncovered the 

antifungal, insecticidal, and antimicrobial properties of a broad spectrum of EOs (7).  Also, irradiation is 

an effective sterilization method used for many foods (8). There are many factors that might be affecting 

the efficacy of irradiation such as dose rate, temperature, and types of microorganisms (9). The aim of the 

present work were to i) study the fumigant toxicities of binary combination of EOs against Bacillus cereus 

and Paenibacillus amylolyticus, Aspergillus niger, and S. oryzae, ii) microbial radiosensitization using 

mailto:monique.lacroix@iaf.inrs.ca


 
 

combined treatments of essential oils (mixture of oregano and thyme) and irradiation (γ-ray and X-ray) at 

different dose rates (iii) radiosensitization of rice weevil- Sitophilus oryzae using combined treatments of 

essential oils and irradiation with γ -ray and X-Ray at different dose rates.  

2. MATERIALS AND METHOD 

2.1 Preparation of essential oil emulsion  

Basil, cinnamon, eucalyptus, mandarin, oregano, peppermint, tea tree and thyme EOs were obtained from 

Robert & Fils (Ghislenghien, Belgium) and stored at 4 ̊ C prior to use. Each EO was prepared as an emulsion 

containing 2.5% (v/v) of EO and 2.5% (v/v) of Tween 20 (Laboratoire Mat, QC, Canada). The mixtures 

were homogenized for 5 min with an Ultra-Turrax homogenizator (model TP18/1059, Germany) at 20,000 

rpm to obtain a colloidal suspension. The emulsions were aseptically filtered using a 0.45 um pore size 

sterile filter. The mixtures were then stored at 4 ˚C.  

2.2 Determination of the Minimum Inhibitory Concentrations (MIC) using broth dilution method 

The method for determination of MIC was adopted from Turgis et al. (10) with slight modification. A 100 

µl of EOs were diluted in Potato Dextrose Broth (PDB) medium for antifungal bioassay and mueller hinton 

medium for antibacterial bioassay in 96 well plates to obtain serial concentrations of 10000-10 ppm. Each 
sample well was inoculated with 100 μl of fungi and bacteria at a concentration of 105 CFU/mL and 

incubated aerobically for 36 h at 28 °C for fungi and 24 h at 37°C for bacteria, and absorbance was measured 

at 590 nm using an Ultra Microplate Reader (Biotek instruments, VT, USA). Sterile medium incubated 

under the same condition was used as a negative control and medium incubated with a specific fungal or 

bacteria species (without EO) was used as a positive control. 

2.3 Assessing interaction between EO mixtures by the checkerboard method 

Combination assays were evaluated based on a checkerboard procedure described by  Gutierrez et al. (11). 

The checkerboard method was performed to obtain the fractional inhibitory concentration (FIC) index of 

mixtures of EO combinations against each mold and bacterial species. The index was calculated by adding 

the FIC values of EO (a) denoted by FICa and (b) denoted by FICb. The FICa and FICb values represented 

the fraction of the lowest concentrations of EOs and mixtures of EOs, respectively, that caused inhibition 

of fungal growth in the combination tests. The calculations were performed using the following equations 

𝐹𝐼𝐶𝑎 =  𝑀𝐼𝐶𝑎,𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑀𝐼𝐶𝑎,𝑎𝑙𝑜𝑛𝑒⁄                           (1)              

𝐹𝐼𝐶𝑏 =  𝑀𝐼𝐶𝑏,𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑀𝐼𝐶𝑏,𝑎𝑙𝑜𝑛𝑒⁄                           (2) 

𝐹𝐼𝐶 = 𝐹𝐼𝐶𝑎 +  𝐹𝐼𝐶𝑏                                                 (3) 

Based on the above, the FIC of an EO could be equated to the concentration which caused deactivation of 

the fungal species when used in combination with another EO divided by the concentration that had the 
same effect when used alone (7, 14). An FIC ≤ 0.5 was interpreted as a synergistic effect, 0.5 ≤ FIC ≤ 1 

represented as an additive effect, FIC ≤ 4 represented as no interactive effect and FIC > 4 indicated an 

antagonistic effect between two tested EOs (11,12). 

2.4 Radiosensitization of A. niger and bacteria by γ-ray and X-ray irradiation 

A quantity of 10 g of white long-grain rice was inoculated with 1 mL of either 1x107 conidia/mL of A. niger 
or 1x107 CFU/mL of bacteria in a sterile petri dish. A quantity of 10 µl of combined EOs (oregano and 

thyme in the ratio of 1:1) was added to a sterile sponge placed inside the upper lid of the petri dish to ensure 

that the rice grains were not in direct contact with the essential oil, in view of determining the vapor effect 

of EOs. The samples were grouped into two subsets with one undergoing irradiation (γ-ray and X-ray) and 

another without irradiation. After 24 h, all samples were irradiated at the Canadian Irradiation Center in an 

underwater calibrator irradiator, UC-15A and UC-15B underwater calibrators (Nordion, Kanata, Canada) 
equipped with a 60Co source and having a dose rate of 10.445 and 4.558 kGy/h, respectively. For a lower 



 
 

dose rate of 0.085 kGy/h for γ-ray irradiation, Gammacell irradiator GC 220 (INRS-Institut Armand 

Frappier, Laval, QC, Canada) equipped with 60Co source was used. For X-ray, the dose rate of 0.76 kGy/h 
(125 kVp) was used using Rayons X Philips MG160 (INRS-Institut Armand Frappier, Laval, QC, Canada).  

Samples were irradiated at room temperature at six doses ranging between 0-2.5 kGy (0.5, 0.75, 1.0, 1.5, 

2.0 and 2.5 kGy). Samples without EOs treatment considered as control.  

2.5 D10 values and relative radiation sensitivity of A. niger and bacteria 

D10-values were determined for A. niger, B. cereus, and P. amylolyticus considering the kinetics of fungal 
and bacterial destruction with and without EOs and evaluated by linear regression considering the reciprocal 

of the slope of the line produced by plotting fungal and bacterial counts (log CFU/g) against the irradiation 

doses. The D10 values for each fungus and bacteria were calculated in Gy based on the method of Maity et 

al. (13). After irradiation, samples were immediately incubated at 28±2°C. The relative sensitivity (RS) was 

calculated using the equation described by Caillet et al. (14). 

 
Relative radiation sensitivity (RS) = (radiation D10 of control samples)/(radiation D10 of samples treated 

with EOs)   (4)      

 

The D10 is defined as the radiation dose required reducing the fungal or bacterial population by 1 log or 

decreasing it by 90 %.  

2.6 Fumigation toxicity of EOs against Sitophilus oryzae 

The fumigation toxicity of two EOs (Eucalyptus and Tea tree) was examined using dose-response tests 

according to Hossain et al. (15). Based on preliminary tests, an aliquot of 10µL/mL of Eucalyptus and Tea 

tree EOs was applied to a sterile small sponge (10 x 10 x 8 mm) and placed in Petri-dishes (95 x 15 mm) 

containing 10 g of rice and 25 individual S. oryzae adults (1-3 weeks old), and dishes were then sealed with 
Parafilm. A 1:1 insect sex ratio was assumed for all the experiments (16). Petri dishes were incubated at 28 

± 2˚C and 65 % relative humidity. The samples were grouped into two subsets with one undergoing 

irradiation (gamma-ray and X-ray) and another without irradiation. After 24 h, all samples were irradiated 

at the Canadian Irradiation Center in an underwater calibrator irradiator, UC-15A and UC-15B underwater 

calibrator (Nordion, Kanata, Canada) equipped with a 60Co source and having a dose rate of 10.445 and 

4.558 kGy/h, respectively.  For lower dose rate of 0.085 kGy/h, Gammacell irradiator GC 220 (INRS-
Institut Armand Frappier, Laval, QC, Canada) equipped with 60Co source was used.   

 

For X-ray, the dose rate of 0.76 kGy/h and 0.19 kGy/h were used using X-Ray Philips MG 160 (INRS-

Institut Armand Frappier, Laval, QC, Canada). The dose rate was calculated from the standard curve 

prepared using Piranha RTI 657 Dosimeter (RTI Electronics AB, Molndal, Sweden). Samples were 
irradiated at room temperature at four doses ranging between 100-750 Gy (100, 250, 500, and 750 Gy). 

Samples without EOs considered as control. This method is similar to the one described by Hossain et al. 

(15). The mortality of insects was count at 24, 48, and 72 h post-treatment period.  Weevils showing no leg 

or antennal movement were counted as dead. 

 
The percent mortality was calculated as follows: 

 

Percent mortality = (Number of dead insect/Number of total insect) x 100        

 

3. RESULTS 

3.1 Minimum inhibitory concentration and fractional inhibitory concentrations of EOs 

The MIC values of the EOs against P. amylolyticus, B. cereus, and A. niger are presented in Table 1. 

The results showed that Cinnamon EO exhibited the highest antibacterial efficacy against P. amylolyticus, 
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followed by Oregano and Thyme EOs. Oregano EO presented the best antibacterial activity against B. 

cereus, followed by Mandarin, Tea tree, and Thyme EOs. Oregano EO also exhibited best antifungal 
activity against A. niger, followed by thyme and cinnamon EOs. Over all, Oregano EO exhibited the best 

antibacterial activity against bacteria as well as fungus.  

 

Table 1: Minimum inhibitory concentration (MIC) (ppm) of tested EOs against Paenibacillus amylolyticus, 

bacillus cereus, and Aspergillus niger. 

Name of essential oil (EOs) P. amylolyticus B. cereus A. niger 

Basil (Ocimum basilicum) 10000 10000 10000 
Cinnamon (Cinnamonum cassia)  312.5 5000 2500 

Eucalyptus (Eucalyptus globulus) 10000 >10000 10000 

Mandarin (Citrus reticulata) 5000 2500 >10000 

Origano (Origanum compactum) 625 1250 625 

Peppermint (Mentha piperita) 5000 5000 10000 
Tea tree (Melaleuca alternifolia) 5000 2500 10000 

Thyme (Thymus vulgaris) 625 2500 1250 

 
The combination of oregano-peppermint, oregano-thyme, and thyme-tea tree showed the synergistic 

effect against P. amylolyticus, the combination of cinnamon-thyme, oregano-thyme, and peppermint-

thyme exhibited synergistic effect against B. cereus, and the combination of pettermint-tea tree exhibited 

synergistic effect against A. niger (Table 2).  

 

Table 2: Fractional Inhibitory Concentrations (FIC index) of combination of EOs against Paenibacillus 

amylolyticus, bacillus cereus, and Aspergillus niger. 

EO mixtures P. amylolyticus B. cereus A. niger 

FIC value Effect FIC value Effect FIC value Effect 

Basil + Cinnamon 0.78±0.11  AD 1.12±0.07 NI 2.00±0.28  NI 

Basil + Eucalyptus 0.75±0.13 AD 0.91±0.08 AD 2.17±0.20 NI 

Basil + Mandarin 1.08±0.08 AD 0.79±0.06 AD 2.50±0.28 NI 

Basil + Oregano 2.00±0.28 NI 0.70±0.04 AD 1.00±0.10 AD 

Basil + Peppermint 0.83±0.25 AD 1.15±0.08 NI 0.83±0.08 AD 

Basil + Teatree 2.00±0.25 NI 1.90±0.47 NI 1.67±0.33 NI 

Basil + Thyme 1.58±0.02 NI 0.91±0.08 AD 1.41±0.08 NI 

Cinnamon + Eucalyptus 1.33±0.08 NI 1.25±0.14 NI 1.00±0.13 AD 

Cinnamon + Mandarin 1.16±0.04 NI 1.83 ±0.33 NI 2.33±0.16 NI 

Cinnamon + Oregano 1.08±0.22 NI 0.70±0.04 AD 4.00±0.14 A 

Cinnamon + Peppermint  1.16±0.16 NI 0.75±0.00 AD 4.16±0.16 A 

Cinnamon + Teatree 0.83±0.08 AD 0.79±0.11 AD 1.00±0.12 AD 

Cinnamon + thyme 1.16±0.08 NI 0.50±0.02 S 2.00±0.16 NI 

Eucalyptus + Mandarin 0.75±0.00 AD 0.62±0.05 AD 2.33±0.33 NI 

Eucalyptus + Oregano 0.83±0.08 AD 1.62±0.20 NI 1.33±0.08 NI 

Eucalyptus + Peppermint 0.91±0.08 AD 1.41±0.08 NI 1.50±0.00 NI 

Eucalyptus + Teatree 0.75±0.14 AD 1.66±0.16 NI 1.00±0.16 AD 

Eucalyptus + Thyme 1.41±0.08 NI 1.20±0.04 NI 2.17±0.17 NI 

Mandarin + Oregano 1.16±0.04 NI 2.25±0.14 NI 3.00±0.00 NI 

Mandarin + Peppermint  1.12±0.08 NI 0.75±0.05 AD 2.33±0.17 NI 

Mandarin + Teatree 1.08±0.16 NI 1.29±0.11 NI 3.50±0.50 NI 



 
 

Mandarin + Thyme  0.99±0.10 AD 1.33±0.12 NI 2.67±0.16 NI 

Oregano + Peppermint  0.50±0.08 S 0.62±0.07 AD 0.92±0.08 AD 

Oregano + Teatree 0.53±0.08 AD 0.83±0.08 AD 1.00±0.10 AD 

Oregano + Thyme 0.50±0.08 S 0.50±0.04 S 0.75±0.16 AD 

Peppermint + Tea tree 0.75±0.11 AD 0.50±0.04 AD 0.43±0.06 S 

Peppermint + Thyme 0.66±0.08 AD 0.58±0.05 S 0.79±0.11 AD 

Thyme + Teatree 0.5±0.08 S 1.00±0.04 AD 1.16±0.08 NI 

Activity: FIC ≤ 0.5: synergic effect (S); 0.5< FIC ≤1: additive effect (AD); 1< FIC ≤ 4: no interactive effect (NI); FIC 

> 4: antagonistic effect (A). Values are means ± standard error.  

 

3.2 D10 values and radiosensitization of γ-ray and X-ray irradiation against A. niger and bacteria 

The D10 values of γ-ray and X-ray irradiation against A. niger, B. cereus, and P. amylolyticus at different 
dose rates treated with 10 µL of oregano and thyme EOs mixtures are presented in Table 3. In all cases, the 

result showed that the D10 values for samples treated with EOs mixture significantly (p ≤ 0.05) lower the 

radiation doses as compared to the control samples at the same dose rates.  

 

 

Table 3. D10 values of ionizing radiation treatment (γ-ray and X-ray) against bacteria and fungus  

 

 

 
 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

Organism Samples                               γ -ray  (Gy) X - ray  (Gy) 

10.445 (kGy/h) 4.558 (kGy/h) 0.085 (kGy/h) 0.76 (kGy/h) 

A. niger IR 425.7±12.8b,A 513.2±18.6b,B 540.9±20.7b,C 571.9±23.1b,C 

IR+EOs 351.0±8.7a,A 385.2±21.0a,B 435.6±26.8a,C 351.0±8.7a,A 
B. cereus IR 289.9±5.9b,B 238.2±8.0b,A 286.7±23.2b,B 488.1±16.8b,C 

IR+EOs 226.0±21.5a,C 164.0±3.8a,A 192.4±5.2a,B 402.6±45.5a,B 

P.  
amylolyticus 

IR 276.9±9.0b,B 268.0±3.9b,AB 259.8±4.8b,A 435.5±14.1b,B 
IR+EOs 205.8±15.8a,B 202.1±6.9a,B 188.9±7.1a,A 333.5±4.5a,C 

A 
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Figure 1: The effect of irradiation treatment with or without EOs against (A) A. niger (B) B. cereus, (C) P. 

amylolyticus at different dose rates of γ- rays (a) 10.445, (b) 4.558, (c) 0.085 kGy/h and (d) X-ray 0.76 

kGy/h. (♦) irradiation treatment (■) irradiation + oregano and thyme EO mixture treatment. 
 

The effect of irradiation treatment with or without EO against A. niger, B. cereus, and P. amylolyticus at 

different dose rates of γ- rays at 10.445, 4.558, 0.085 kGy/h is presented in Fig. 1. The samples treated with 

oregano and thyme EOs mixtures increased the radiosensitization of A. niger  by 1.22, 1.33, and 1.24 times, 

B. cereus by 1.28, 1.45, and 1.49 times, and P. amylolyticus by 1.35, 1.33, and 1.38 times at the γ-ray dose 
rate of 10.445, 4.558, 0.085 kGy/h, respectively. By X-ray the radiosensitization of A. niger, B. cereus, and 

P. amylolyticus increased by 1.63, 1.21, and 1.31 times, respectively at the dose rate of 0.76 kGy/h. 

 

3.4 LD90 values and radiosensitization of γ-ray and X-ray irradiation against S. orazyae 

The LD90 values of γ-irradiation against S. orazyae at different dose rates treated with 10 µL Eucalyptus 

and Tea tree EOs are presented in Table 4. In all cases, the result showed that the LD90 values for samples 
treated with EOs significantly (p ≤ 0.05) lower the radiation doses as compared to the control samples at 

the same dose rate. The radiosensitization of γ-irradiation and X-ray irradiation in presence of EOs was 

calculated from LD90 values (Fig. 2 and 3). The radiosensitization was 6.39, 6.89, and 3.93 with Eucalyptus 

EO and 6.40, 6.83, and 3.58 with Tea tree EO by γ-irradiation at dose rates of 10.445, 4.558, and 0.085 
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kGy/h, respectively. In the case of X-ray, the radiosensitization was 3.57 and 3.35 with Eucalyptus EO and 

4.21 and 4.01 with Tea tree EO, respectively, at dose rate of 0.79 and 0.19 kGy/h. 
 

Table 4: LD90 values (Gy) of ionizing radiation (γ-irradiation and X-ray) against S. oryzae at different dose 

rates treated with 10 µL of Eucalyptus (Eu) and Tea tree (TT) EOs.  

 

 
 

 

 

 

 

 
 

Name of the 
samples 

Gamma Radiation (Gy) 
Dose rate (kGy/hr) 

X-ray  (Gy) 
Dose rate (kGy/hr) 

10.445 4.558 0.085 0.76 0.19 

IR 1601.9±58.3B,a 1743±27.8B,b 2053.9±41.7B,c 2661.6±46.5B,e 2467.8±45.5B,d 

IR+EO (Eu) 250.6±3.0A,a 252.8±3.4A,a 522.4±9.2A,b 746.0±15.7A,c 737.2±9.0A,c 

IR+EO (TT) 250.2±0.9A,a 255.1±3.1A,a 574.3±2.4A,b 632.0±13.2A, c 615.5±4.4A,c 

                     γ- ray 10.445 kGy/h 

RS (EuEO)=6.39 

RS (TTEO)=6.40 

(a) 

 



 
 

 

 
 

Fig. 2. The effect of EOs and different doses of γ-irradiation against S. oryzae at the dose rates of (a) 10.445, 

(b) 4.558, and (c) 0.085 kGy/h. Control (♦), Eucalyptus EO (o), and Tea tree EO (▲).  
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Fig. 3. The effect of EOs and different doses of X-ray irradiation against S. oryzae at the dose rates of (a) 

0.76 and (b) 0.19 kGy/h. Control (♦), Eucalyptus EO (o), and Tea tree EO (▲). 

 

4. CONCLUSIONS 

In the present work, a synergistic effect of treatments was found with the combination of essential oils and 

irradiation at different dose rates to control A. niger, B. cereus, P. amylolyticus,  and S. oryzae. In all cases, 

irradiation in combination with fumigation with EO showed increased efficacy compared with irradiation 
alone or EO alone. The results also showed that γ-ray treatment was more effective than X-ray treatment to 

RS (Eu EO) = 3.57 

RS (TT EO) = 4.21 

RS (Eu EO) = 3.35 

RS (TT EO) = 4.01 

(a) 
 

(b) 

 



 
 

reduce to number of pathogen to below the detection limit. The results demonstrated that the combination 

of ionizing irradiation and EOs treatments lowers the dose of irradiation needed to eliminate fungi, bacteria, 

and insect from stored rice. 

 

5. FUTURE PLAN OF RESEARCH 

We propose in this study to evaluate the efficiency of using irradiation in combination with the use of 

essential oil to eliminate other fungus and bacteria by evaluating the radiosensitisation. It is also proposed 
to compare the different dose of x-ray and gamma ray in combined treatments to inactivate fungus and 

bacteria (ex: E. coli, Salmonella, L. monocytogenes). The radioresistance and the radiosensitisation will be 

measured by the calculation of the D10 values, the dose required to achieve 90% reduction of the population. 

An increase of the radiosensitization (reduction of D10 values (kGy)) can permit to reduce the dose 

necessary to assure food safety and the cost of the treatment while preserving better the nutritional value of 

the foods. Future work will also include to evaluate the possible synergistic effect of cranberry juice and 
commercial citrus extract against FCV‐F9 viral titre in vitro in combination with γ‐irradiation to 

determinate the D10 values and radiosensitivity increase. Radiosensitivity of FCV-F9 on Iceberg lettuce 

surface will also be determined with combined treatments of cranberry juice with γ-irradiation. 
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ABSTRACT 

The objective of this study was to evaluate the potential use of gamma and  EB irradiation for reducing and inactivating 
bacterial and fungal populations in local market naturally contaminated dried food like parsley. The research  was 

conducted also to determined  the radiation resistance of Salmonella and Staphylococcus spp. on artificially inoculated 
into  free microbial  dried parsley by  measuring the decimal reduction dose (D10 value). Dried parsley was subjected 
to gamma and EB irradiation, with doses ranging from 0 to 10 kGy. As the radiation dose increased, the inactivation 

effect increased among all tested microorganisms (aerobic bacteria, AB, spore former bacteria, SFB and mold and 
yeast, M&Y). Applying a dose of 6 kGy resulted in a reduction of initial log count from 7.38, 7.55 and 7.58 to 3.54, 

4.08 and 3.93 log CFU/g for samples treated by gamma and EB  using  (2mA) and (3mA), respectively. Also, the% 
reduction of SFB is calculated to be  77.7, 75 and 82.77 for samples irradiated by gamma and EB using  2 and 3 mA, 
respectively, at dose 2 kGy compared with the non irradiated samples (control). Applying a dose of 6 kGy resulted in 

a 3.5, 2.6 and 3.17 log reduction in the total M&YC for dried parsley samples irradiated with gamma and EB 2mA 
and 3 mA, respectively The D10-values of Salmonella and Staphylococcus spp. in dried parsley treated with gamma 
rays were 0.50 and 0.60 kGy, respectively, which were differ from those treated by EB at 2 mA (0.60 and 0.70) or at 

3 mA (0.55 and 0.60) respectively. The D10-value for the tested two pathogen obtained by E- beam irradiation was 
higher than that using γ-irradiation source, which means that, gamma irradiation was more effective than E-beam 

irradiation in reducing viability of the test pathogens. 

 

1. Introduction 

 One suitable intervention treatment is ionizing irradiation, which includes gamma or electron beam 

(EB) irradiation. It is approved by the FDA for use on meat, poultry, spices, and fresh produce at doses up 

to 8 kGy (1). Inactivation of microorganisms by ionizing irradiation is mainly caused by DNA damage 

resulting from indirect action by the radiolysis of water molecules present in the cell or direct action by the 

absorption of radiation energy (2-4). This has caused ionizing irradiation to be explored as a non-thermal 

method for inactivating pathogens or spoilage microorganisms on foods. The advantages of ionizing 
irradiation include that it does not leave a residue, does not lead to thermal damage of food product, and is 

not limited to surfaces but also affects the inside of foods (4). Although consumers may be concerned about 

the wholesomeness of irradiated food due to lack of public knowledge, the World Health Organization 

(WHO) informed that irradiation treatment at doses up to 10 kGy presents no toxicological hazard or 

nutritional problems (5). For these reasons, gamma and EB irradiation have been used to improve the 
microbiological safety of a wide range of foods. 

  

Gamma rays and EB irradiation are produced by radioisotopes such as Cobalt-60 and a machine 

source based on electricity, respectively. A major difference between both types of irradiation is penetration 

depth; gamma rays have much higher penetrating power than EB, which facilitates the use of gamma 
irradiation for processing of bulk items. EB irradiation is applied to both sides in order to overcome the 

problem of its limited penetration depth, but the maximum penetration depth is only about 8 cm in water 

for the maximum permitted energy of 10 MeV (6). Despite this limitation, EB treatment is efficient which 

comes from the switch-off capability and high dose-rate. 
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The objective of this study was to evaluate the potential use of gamma or EB irradiation for reducing 

bacterial and fungal populations in dried parsley by comparing the efficacy of both treatments. Also, the 
radiation resistance of local isolated pathogens (Salmonella and Staphylococcus spp.) subjected to each 

treatment was investigated by calculating the D10-value. 

 

2. Experimental 

2.1. Parsley preparation 

 

    Naturally contaminated dried Parsley with microorganisms used in this study was purchased from 

local market. Ten grams of dried sample was packed in sterile plastic bags and stored at 4 ± 1 oC until used. 

 

2.2. Irradiation 
Samples were irradiated at doses from 0-10 kGy using gamma and EB irradiation. Irradiation was 

carried out at the National Center for Radiation Research and Technology (NCRRT), using 60CO gamma 

irradiation source of Indian Facility with a dose rate (1.15 kGy/h) at the time of experiments and 3 MeV 

EB accelerator with 2 mA and 3 mA beam at different speeds. The sample exposure to EB was irradiated 

in single layer to avoid dose gradient within irradiated sample (Fig.1).  

 

2.3. Microbiological analysis 
     The analysis was performed for irradiated and not irradiated (control) samples. The sample (10 g) was 

aseptically placed in sterile bottle containing 90 ml of sterile isotonic saline solution (0.85%). The bottles 
were shaking vigorously, and the obtained suspension was used to prepare a series of sequential dilutions 

used to reduce a dense culture of cells to a more usable concentration. The colony forming unit per gram 

(CFU/g) of aerobic bacterial count (ABC) was observed after 3 days of incubation at 30 oC using tryptone 

soya agar (TSA) as enumeration medium. Also mold and yeast count (M&YC) was observed after 5 days 

of incubation at   25 oC using malt extract agar (MExA) as enumeration medium. In addition, the number 
of spores forming bacteria (SFB) in the samples was determined as ABC after steamed the dilution samples 

at 80 oC for 10 min. 

 

 
 

FIG.1. Actual irradiation of dried parsley using electron beam accelerator. 

2.4. Determination of D10 value 

 
  Local isolates of Salmonella sp. and Staphylococcus sp. isolated from non irradiated dried parsley 

samples were tested for radiation D10 -values. D10 –value, the dose required to decrease microbial count by 
90% (1 log cycle).  One ml aliquots of Salmonella (1.8-3 x106 CFU/ml) and Staphylococcus (2-3.1 x106 

CFU/ml) suspension inoculated in one gram of sterile dried parsley were assayed for viability after exposure 



 
 

to different doses (0-4 kGy) of gamma irradiation or EB (2 mA and 3 mA) irradiation. Two pathogen 

colonies were counted and survival curves (log N/No) at different doses of gamma and electron beam 
irradiation were plotted.  

 

Survival curve = Log N/No 

 

where N and No are the number of viable cells after and before irradiation, respectively. The radiation D10 
–value was calculated by taking the negative reciprocal of the survivor curve slope.  

Also, the D10 –value was calculated from this equation:                      

 

 Log N/N0 = - 1/D x d 

 

where N and N0 as the above definition, D is the D10 –value and d is the irradiation dose. 
 

 

3. Results 

3.1. Microbiological decontamination 

3.1.1. Inactivation of ABC 

      
The reduction (log CFU/g) of ABC in dried parsley treated with gamma and EB irradiation are listed in 

table 1. The reduction of ABC increased with increasing radiation dose from 1 to 10 kGy. The highest 
reduction of ABC loads was observed for samples treated by gamma irradiation followed by EB (3mA) and 

(2mA). Applying a dose of 6 kGy resulted in a reduction of initial log count from 7.38, 7.55 and 7.58 to 

3.54, 4.08 and 3.93 log CFU/g for samples treated by gamma and EB (2mA) and (3mA), respectively 

(TABLE 1 and FIG. 2). Reduction % of ABC < 99.99 was recorded at dose 10 kGy for the two type of 

radiation. 
 
TABLE 1. Effect of different doses (0-10 kGy) of gamma and EB irradiation on bacterial count of dried 

parsley. 

 Gamma E-Beam 

 2 mA 3 mA 

Dose

/kGy 

CFU/g Log 

CFU/g 

Reduction 

% 

CFU/g Log 

CFU/g 

Reduction 

% 

CFU/g Log 

CFU/g 

Reduction 

% 

0 2.4 x 107 7.38  3.6 x 107 7.55  3.8 x 107 7.58  

2 1.8 x 106 6.25 92.5 6.4 x 106 6.80 82.22 4.5 x 106 6.65 88.15 

4 8.2 x 104 4.91 99.65 2.7 x 105 5.43 99.25 2.3 x 105 5.36 99.39 

6 3.5 x 103 3.54 99.98 1.2 x 104 4.08 99.96 8.6 x 103 3.93 99.97 

8 1.2 x 102 2.07 99.99 9.4 x 102 2.97 99.99 5.5 x 102 2.74 99.99 

10 48 1.68 < 99.99 1.1 x 102 2.04 < 99.99 90 1.95 < 99.99 

ND: Not detected 

 

 



 
 

3.1.2. Inactivation of SFB 
Table 2 shows the inactivation effect of gamma and EB irradiation on SFB in dried parsley. The population 

of SFB decreased by 3.43, 2.7 and 2.89 log (CFU/g) for samples irradiated by gamma and EB 2 and 3 mA, 

respectively, at dose 8 kGy compared with the non irradiated samples (control). The gamma and EB (3mA) 
irradiation at dose 10 kGy required to reduce the SFB population to 99.98%, while the same dose of EB at 

level 2 mA reduction the count to level 99.97% (TABLE 2 and Fig. 3). 
 

 

FIG.2. Effect of gamma and EB irradiation at dose 6 kGy on aerobic bacterial count of dried 

parsley. 

 

TABLE 2. Effect of different doses (0-10 kGy) of gamma and EB irradiation on spore former bacterial 

count of dried parsley. 

 Gamma E-Beam 

 2 mA 3 mA 

Dos

e/k

Gy 

CFU/g Log 

CFU/

g 

Reductio

n % 

CFU/g Log 

CFU/g 

Reductio

n % 

CFU/g Log 

CFU/g 

Reduction 

% 

0 3.5 x 

105 

5.54  3.8 x 

105 

5.58  3.6 x 

105 

5.55  

2 7.8x 104 4.89 77.71 9.5 x 
104 

4.97 75 8.3 x 
104 

4.92 82.77 

4 2.5 x 

104 

4.39 92.85 7.2 x 

104 

4.85 81.05 5.1 x 

104 

4.70 97.94 

6 6.2 x 
103 

3.80 98.22 8.6 x 
103 

3.93 97.73 7.5 x 
103 

3.87 99.81 

8 1.3 x 

102 

2.11 99.96 2.7 x 

102 

2.88 99.79 4.6 x 

102 

2.66 99.97 

10 45  99.98 96 1.98 99.97 75 1.90 99.99 

ND: Not detected 

 



 
 

 

FIG.3. Effect of gamma and EB irradiation at dose 6 kGy on spore former bacterial count of dried 
parsley. 

 

3.1.3. Inactivation of M&YC 
 

As shown in Table-3, the reduction of the M&YC depends on the dose of irradiation. Applying a 
dose of 6 kGy resulted in a 3.5, 2.61 and 3.17 log reduction in the total M&YC for dried parsley samples 

irradiated with gamma and EB 2mA and 3 mA, respectively (TABLE 3 and FIG. 4). Complete elimination 

of M&YC was observed in samples irradiated by gamma irradiation at 8 kGy. Also killing of M&Y 

population was recorded in samples treated with EB 2mA and 3mA at dose 10 kGy (TABLE 3 and FIG. 

4).  
 

TABLE 3. Effect of different doses (0-10 kGy) of gamma and EB irradiation on mold and yeast count of 

dried parsley. 

 Gamma E-Beam 

  2 mA 3 mA 

Dose

/kGy 
CFU/g Log 

CFU/g 

Reductio

n % 
CFU/g Log 

CFU/g 

Reductio

n % 
CFU/g Log 

CFU/g 

Reductio

n % 

0 2.2 x 105 5.34  1.8 x 105 5.25  2.5 x 105 5.40  

2 6.4x 103 3.80 97.10 3.6 x 104 4.55 80 1.8 x 104 4.25 92.8 

4 1.5 x 102 2.17 99.93 8.5 x 102 2.92 99.52 5.3 x 102 2.72 99.78 

6 70 1.84 99.96 4.4 x 102 2.64 99.75 1.7 x 102 2.23 99.93 

8 ND   38 1.58 99.97 < 10   

10 ND   ND   ND   

ND: Not detected 



 
 

 

FIG.4. Effect of gamma and EB irradiation at dose 6 kGy on mold and yeast count of dried 
parsley. 

 

3.2. Inactivation of pathogenic bacteria 

3.2.1. D10-value for Salmonella in dried parsley 

 
     Table 4 and FIG. 5 show the decimal reduction dose (D10-value) of salmonella in dried parsley. The 

D10-value for the pathogen salmonella in dried parsley was calculated as 0.50, 0.60 and 0.55 kGy for 
samples irradiated with gamma and EB 2 and 3 mA, respectively. Compared with non irradiated samples, 

exposure to gamma and EB 2 and 3 mA irradiation at dose 2 kGy reduced the salmonella colonies by 4.21, 

3.88 and 3.96 log CFU/g, respectively (TABLE 4 and FIG. 6).  

 TABLE 4. Radiation death curve of Salmonella sp. on dried parsley 

 Gamma E-Beam 

  2 mA 3 mA 

Dose

/kGy 
CFU/g Log 

CFU/g 
Log N/N0 CFU/g Log 

CFU/g 
Log N/N0 CFU/g Log 

CFU/g 
Log N/N0 

0 1.8 x 106 6.25  3 x 106 6.48  2 x 106 6.30  

1 5 x 103 3.70 - 2.55 2.4 x 104 4.38 - 2.09 8.5 x 103 3.93 - 2.37 

2 1.1 x 102 2.04 - 4.21 4 x 102 2.60 - 3.87 2.2 x 102 2.34 - 3.95 

3 40 1.60 - 4.65 55 1.74 - 4.73 46 1.66 - 4.64 

4 ND   ND   ND   

    ND: Not detected 

 



 
 

 

 
FIG. 5. Radiation death curve of Salmonella sp. on dried parsley 

 
 

 

 
FIG. 6. Effect of gamma and EB irradiation at dose 2 kGy on Salmonella sp. count on dried 
parsley. 

 

3.2.2. D10-value for Staphylococcus in dried parsley 

 
The D10-value for the pathogen Staphylococcus in dried parsley was established as 0.60, 0.70 and 0.60 kGy 

for samples irradiated with gamma and EB 2 and 3 mA, respectively (TABLE 5 and FIG. 7). Exposure the 

sterile dried parsley samples inoculated with pathogen Staphylococcus to gamma and EB 2 and 3 mA at a 

dose 2 kGy reduced the pathogen count to 3.87, 3.61 and 3.52 log CFU/g, respectively (TABLE 5 and FIG. 
8). 



 
 

      
 
 
 
TABLE 4. Radiation death curve of Staphylococcus sp. on dried parsley 

 Gamma E-Beam 

  2 mA 3 mA 

Dose

/kGy 

CFU/g Log 

CFU/g 

Log N/N0 CFU/g Log 

CFU/g 

Log N/N0 CFU/g Log 

CFU/g 

Log N/N0 

0 3.1 x 106 6.50  2.8 x 106 6.48  2.6 x 106 6.41  

1 2.6 x 104 4.41 - 2.08 5.2 x 104 4.71 - 1.73 4.7x 104 4.67 - 1.74 

2 4.3 x 102 2.63 -3.86 7.4 x 102 2.87 - 3.57 6 x 102 2.78 - 3.64 

3 60 1.78 - 4.71 72 1.85 - 4.58 65 1.81 - 4.60 

4 ND   ND   ND   

ND: Not detected 

 

FIG. 7. Radiation death curve of Staphylococcus sp. on dried parsley 

 



 
 

 

FIG. 8. Effect of gamma and EB irradiation at dose 2 kGy on Staphylococcus sp. count on dried 
parsley. 

The D10-value for the tested two pathogen obtained by E- beam irradiation was higher than that using γ-

irradiation source (Table 4 and 5), which means that, gamma irradiation was more effective than E-beam 

irradiation in reducing viability of the test pathogens. 

 

When testing for the effectiveness of ionizing radiation as a process to ensure food safety, it is common 
practice to conduct irradiation tests at doses higher than the approved 2 kGy. Regarding dried parsley safety 

from the tested pathogen bacteria, irradiation at 2 and 3 kGy not are enough to eliminate Salmonella and 

Staphylococcus. Exposure the inoculated samples to gamma and E beam at dose level 4 kGy lead to 

complete elimination of the two pathogens from the samples (TABLE 4 and 5).  
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Abstract 

The goal of this proposed research project is the study of the use of Electron Beam in the energy range of 150 - 300 
keV for inactivation of biohazards. Electrons accelerated with such a low voltage have a low penetration in matter 

(around 100 - 300 µm in water). However, this voltage range requires low facility shielding, making possible an easy 

integration in labs and GMP production as well as assembling to a mobile inactivation facility. 

In this proposed research project, two kinds of microbes will be studied: one type of RNA virus and bacteria (e.g. 

Escherichia coli). During the project an experimental setup will be developed. Afterwards, by using this experimental 
setup, the killing curves and the D10 values for each pathogen will be studied and presented. At the end of the project, 

the inactivation kinetics of each pathogen will be studied and presented. 

1. Background 

The content of the previous work was the development of the electron beam based inactivation of infectious 

agents for the production of highly active vaccines. The focus of the research was the preservation of 
antigens at a much higher level than commercial available and the development of an industrial applicable 

technology for vaccine production. The aim of the work is the total inactivation of the pathogens as well as 

the reproducible antigen preservation of at least 80%. The inactivated vaccines should be thereby more 

effective and show more protective immune responses than previously by chemical inactivated vaccines. 

In order to demonstrate the potential of low energy (up to 300 keV) electron beam-based inactivation, the 

development of automation and the associated scalability of the technology was inevitable and planed. Part 
of this project is setting the requirements of a vaccine production with regard to process volumes, process 

reliability and cost structure, to explore the potential of electron beam-based inactivation for vaccine 

development and production over conventional methods. 

Special challenges within the low-energy electron-beam (LEEI) treatment of liquids is the low penetration 

depth of LEEI. Therefore, a specially adapted handling regime for small and medium amounts of liquids 
had to be setup, on top guaranteeing a sterile handling of these liquids. Furthermore, the applied electron 

beam dose monitoring in liquids was an additional challenge. 

With the developed handling regime and using a new approach for dosimetry of irradiated liquids, different 

types of germs were irradiated and inactivated using LEEI. The influence of special substitutes to the liquid 

(like sugars) was also investigated focusing on the inactivation efficacy and changes in the liquid 

composition itself. 

 

2. Investigations and peculiarities observed 

 

• Irradiation setup for very small amounts of liquids: determination of suitable irradiation area in 

petri dishes by dose mapping: 



 
 

 

 

 

Fig.  1: Determination of dose distribution on the inner surface of a petri dish using radiochromic film 

dosimeters; a homogeneous dose input is  confirmed in the innermost area of the petri dish, depicted as 

red square, sample volumes will be placed only within this area for LEEI treatment 

 

• Final irradiation setup for sterile handling and irradiation of very small liquid amounts in petri 

dishes: 

 

 

 

 

 

 

 

 

Fig.  2: Established setup for sample irradiation with LEEI; coverage of the petri dish with PET/PE foil 

guarantees sterile sample handling while reducing energy loss due to the coverage to a minimum; OPP 

foil on the sample volume allows spreading of the liquid guaranteeing a homogeneous dose input 
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• Depth dose curve to estimate maximum liquid volume for homogeneous irradiation: 

 

 

 

 

Fig.  3: Using radiochromic film dosimeters, a depth dose distribution was monitored; for determination 

of a dose median, a new dosimeter had to be invented, suitable for application in liquid irradiation 

 

• Establishing a new liquid dosimeter-system, suitable for thin liquid film LEEI using 

tetrazolium salts (TTC): 

 

 

Fig.  4: TTC-salts were used as liquid dosimeter system; graph shows the calibration of the dosimeter 

with absorption of the irradiated liquid as a function of applied dose 

  



 
 

• LEEI of different pathogens: bacteria, bacteria spores, DNA- and RNA-viruses, Enveloped 

and non-enveloped viruses 

 

 

 
Fig.  5: LEEI-inactivation curve of 

Escherichia coli  

 
Fig.  6: LEEI-inactivation curve of Bacillus 

subtilis spores 

 
Fig.  7: LEEI-inactivation curve of 

Influenza A (H3N8) 

 
Fig.  8: LEEI-inactivation curve of Zika 

virus 

 
Fig.  9: LEEI-inactivation curve of RSV 

 
Fig.  10: LEEI-inactivation curve of Polio 

virus 

 

  



 
 

 

• Investigation on the influence of substitutes like sugars in the liquid medium during LEEI 

(investigations on Polio virus): 

 

 

Fig.  11: Effects of different sugars and chemicals during inactivation in the protein integrity of Polio. 

From left to right: 10% Sucrose, 10% Sorbitol, 0.01% Formaldehyde, 0.005% Formaldehyde and the 

Control.   

 

• RNA-fragmentation of Influenza A (H3N8): 

 



 
 

 

Fig.  12: Determination of RNA-fragmentation using Agilent Bioanalyzer, time scale on the X‐axis 

represents the migration time in seconds, FU represents the fluorescence intensity of the sample [1]  

 

3. Results 

Within the actual investigations, an experimental setup for reproducible irradiation of thin liquid films using 

LEEI was established. Challenges were a homogeneous dose input and a sterile handling of the very small 

liquid amounts. For this reason, also a new method for LEEI-dosimetry in liquids was invented, using 
tetrazolium salts as liquid dosimeter. The system was calibrated using standard dosimetry. Using the 

established experimental setup, different types of germs were irradiated and killing curves were obtained. 

All germs investigated were inactivated with maximum doses ranging from 2 to 35 kGy. For polio virus, 

also the medium supplementation with sugars and formaldehyde (see Fig. 11) was investigated, showing 

no significant influence on the inactivation efficacy of LEEI. Furthermore, the RNA-fragmentation was 
investigated on Influenza A virus (H3N8). The results show, that inactivation processes of this virus type 

are mainly due to RNA-fragmentation, which increases dose dependent. 

In summary, these project represents the proof-of-concept for the usage of electron beam in pathogen 

inactivation in liquids with a high reproducibility. Different viruses were shown to be sensitive to electron 

beam, and it is very likely that an even larger number of pathogens could be efficiently inactivated this way. 

This bears the potential to apply this technology for the generation of a whole range of inactivated vaccines 
in human and veterinary medicine, provided a solution for generating a precisely thin liquid film required 

for effective inactivation. In order to transform electron beam inactivation into a process for industrial-scale 

vaccine manufacturing, developments of such solutions for a liter-scaled, electron beam based inactivation 

procedure are currently ongoing. However, this technology could also be very useful for other applications, 

such as diagnostics, where pathogenic microorganisms have to inactivate fast and safely while maintaining 

their antigenic properties.  

4. Project Objectives 



 
 

Better understanding of the inactivation kinetics using very low energy electron beams (150 - 300 keV) for 

bacteria and viruses in liquid suspensions and at the same time, opening new application fields for this 

technology. It contains the following scientific scopes: 

1. Determination of killing curves for bacteria and viruses   

2. Research concerning the influence of microbe environment (e.g. type of liquid, suspension 

additives, density and viscosity of suspensions) to inactivation kinetics 

3. Determination of the inactivation kinetics by measuring the RNA fragmentation in case of virus 
in dependence to dose rate 

 

5. Working plan for Year 3 

 

• Process automation for treatment of small to medium liquid amounts 

 
6. Vision to fulfill the aim of the CRP project 

 

• Better understanding of decontamination of biohazards in liquids 

• Detailed understanding of inactivation kinetics for one type of virus 

• Determination of the killing curves and D10 values in dependence to dose rate and environment 

for E.Coli. 
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Abstract 

Our project aimed at investigating the applicability of high energy irradiation methods to eradicate any impact that 
antibiotics have on microbial population in wastewater matrices. Over the course of our study, the effect of solutions 

containing synthetic wastewater matrix along with antibiotics on a resistant - sensitive mixed bacterial population is 
taken under scrutiny after electron beam irradiation. As a result, we show that by appropriately optimizing the dose 

requirement, electron beam treatment appears to be a promising method to eliminate the biological activity of 
antibiotics and thereby achieve similar microbial population dynamics as it is found without the presence of antibiotics. 
Our results take us closer to our ultimate goal, developing technologies to tackle the evolution of antibiotic resistant 

bacteria in water reservoirs contaminated with antibiotics. 

 

1. Introduction 

 
Nowadays, one of the most important challenges of environmental protection is preservation and 

improvement of water quality. One of the greatest problems is the continuous decrease and pollution of our 

water reservoirs. A wide range of pollutants is released into our natural waters through industrial and urban 

wastewater pipelines all over the world. From the aspect of water pollution, several pharmaceuticals, 

especially antibiotics have a very harmful effect on the living environment among these environmental 
contaminants. The usage of broad-spectrum antibiotics has increased significantly in the past decades. 

Entering our environment through production processes, expired or discarded products, or by natural 

biological selection antibiotics can accumulate in both drinking and wastewater. Conventional water and 

wastewater technologies are not effective in the removal of these micropollutants [1]. This can result in 

many adverse consequences for the environment: antibiotic residues may concentrate in plants and animals; 
integrate into the living organisms and contribute to the spread of antibiotic resistance, which presents a 

global problem. As to demonstrate the escalated nature of this issue, it appears that more than 90% of the 

bacterial strains from seawater are resistant to more than one and a fifth of them to at least five antibiotics 

[2]. 

 

During development of antibiotic resistance several genetic processes occur in bacteria thereby microbes 
can acquire resistance against antibiotics. As a result, resistant or even multi-resistant microorganisms have 

emerged. Microbes are able to pass these resistant genes to related or even non-related species by horizontal 

gene-transfer that permits the rapid spread of resistance [3].  

 

The spread of resistant and multi-resistant bacteria and genes poses a serious risk to humanity. One of the 
seedbeds for the development of resistant bacteria and genes is the reservoirs of municipal wastewater 

treatment plants. Antibiotics, resistant genes, and bacteria can enter the natural water through purified 



 
 

wastewater, which means additional threats. The officially established quality requirements for purified 

wastewater do not cover the measurement and control of antibiotic concentrations. However, this issue 
should not be ignored and more regulations will be needed on antibiotic restriction in the near future. In our 

research, we focus on two goals: the abatement of antibacterial activity in wastewater by applying 

appropriate technology and the development of an adequate analytical method with high reliability. 

 

Ionizing radiation can be a suitable technique for reducing the antibacterial activity in purified communal 
wastewater and inactivating bacteria and genes in effluent water. The advantage of the technique is that it 

does not require any additives and the presence of floating particles do not interfere the reactions taking 

place in water. Additionally, it is worth noting that this method can be easily fit into the existing technology 

process (flow system). With the practical application of research results the probability of the antibiotic 

resistance development can be reduced. 

 
2. Description of the work  

 

In a previous work [4] we have developed a microbiological assay to assess the effects of transformation 

products of certain antibiotics in course of electron beam treatment on the population dynamics of a resistant 

and sensitive Staphylococcus aureus mixed bacterial population. 
 

The present work aims to answer the question whether the electron beam treatment is able to reduce 

effectively or eliminate completely the biological effects of erythromycin and piperacillin on bacteria in a 

complex wastewater matrix. While in our previous work, the antibiotics were irradiated in dilute aqueous 

solutions, in the present work the treatment is done in a model wastewater matrix, in order to have more 
insight about a real scenario. We get a more detailed picture whether this treatment can reduce the 

possibility of the development of antibiotic resistance through the removal of the biological activity of 

antibiotics from the wastewater. We are looking for the absorbed dose requirement that could eliminate the 

effect of antibiotics on microorganisms in a model wastewater, so that we could reduce the possibility for 

the development of resistance to the given antibiotic in the given matrix.  

 
3. Experimental 

 

3.1. Compounds investigated 

 

Erythromycin (CAS Registry No. 114-07-8), piperacillin sodium salt (CAS Registry No. 59703-84-3), and 
humic acid (CAS Registry No. 1415-93-6) were obtained from Sigma-Aldrich (St. Louis, MO). Inorganic 

constituents of the assay medium such as NaHCO3, K2HPO4, MgSO4, and (NH4)2SO4 were purchased from 

Reanal (Budapest, Hungary). Purified water was prepared with an Adrona B30 system (Adrona, Riga, 

Latvia). 

 
In the microbiological experiments, sodium chloride (catalog no. 1.06404.1000), peptone (catalog no. 

1.11931.1000), and bacteriological agar (catalog no. 1.01615.1000) were from Merck (Darmstadt, 

Germany). Trypto-casein soy broth (CASO, product BK046HA) was purchased from Biokar Diagnostics 

(Solabia Group, Pantin, France). 

 

For the irradiation, we prepared solutions that contained an antibiotic concentration 500x compared to a 
real sample, the other constituents were also concentrated 500x to keep the kinetics of the free radical 

system similar to a real scenario. This was necessary to work in a convenient dose range. 

 

 

 
 



 
 

3.2. Experimental methods 

 
For the irradiation, we used a vertically mounted Tesla Linac LPR-4 type linear electron accelerator, which 

delivers short pulses of electrons with 4 MeV energy, 800 ns duration and 50 Hz repetition frequency. We 

applied a wide range of treatment times to provide an increasing absorbed dose.  

 

Microbiological assay 
 

We chose Staphylococcus aureus as test microorganism. This Gram-positive bacterium can take part in 

several types of horizontal gene transfer events (HGT) [5, 6, 7, 8, 9, 10], thereby, it is a good candidate for 

screening the development of resistance in a mixed bacterial population. Therefore, this species may 

provide an appropriate approach reflecting a worst case scenario according to which an advanced oxidation 

process should be optimized.  
 

The test is based on the population dynamics of a mixed bacterial culture in response to the presence of 

antibiotics in a concentration range well below the minimum inhibitory concentration (MIC) in a synthetic 

wastewater matrix. We added sensitive and resistant subtypes of Staphylococcus aureus in a 1:1 ratio to the 

test medium (antibiotics were irradiated in a model wastewater matrix) and determined the fraction of 
resistant mutants after incubation for 24 hours by simple colony counting.  

 

Test medium 

 

We determined the total colony count (sensitive + resistant) on agar plates including sterile water, while 
resistant cells were counted on agar plates spiked with the corresponding antibiotic reaching a concentration 

well above the minimum inhibitory level. Only resistant cells grow on the surface of the agar plates 

containing the antibiotic above the minimum inhibitory concentration (MIC). 

 

The selection of the test medium has a key role in the experiments. In conventional antimicrobial testing 

methods the nutrient broth facilitates bacterial growth. However, limited sources are available for bacteria 
in the case of wastewater matrix that would presumably lead to appreciable distortion from real wastewater 

samples. Especially, enhanced bacterial growth may intensify the development of resistance by increasing 

the probability of de novo gene mutation events and exchange of genetic information, which cannot be the 

case in the environment. The chosen culture medium reflects a real wastewater sample [4].  

 
Model wastewater matrix: We used humic acid to represent the dissolved organic carbon content (DOC) of 

a real wastewater matrix [5, 6]. We also applied the natural alkalinity condition by adding the corresponding 

amount of NaHCO3 into the medium. Furthermore, the following inorganic constituents were also applied: 

7.1 ppm (0.05 mM) (NH4)2SO4, 7 ppm (0.04 mM) K2HPO4, and 0.71 ppm (2.88 μM) MgSO4·7H2O [7]. 

 
A schematic representation for preparing the medium is shown in Fig. 1.  

 

Cell Counting 

 

We performed colony counting by preparing dilution series of the assay medium and measuring equal 

amount from each member of the dilution series on trypto-casein soy broth (CASO) agar plates. After 
spreading (100 µL) the sample evenly on the surface, we incubated the plates at 37 °C for 24 h. To determine 

the colony count for the resistant bacteria, molten agar was spiked with erythromycin and piperacillin. To 

prevent thermal degradation of the antibiotic before spiking of the antibiotic solution, the molten agar was 

cooled to 40 °C and after homogenization it was poured on the plates immediately. Only resistant cells 

grow on the surface of the agar plates containing the antibiotic at a concentration above the MIC. The total 
colony count (sensitive + resistant) was determined on agar plates containing no antibiotics. 



 
 

 

 
Fig. 1. Schematic representation for the preparation of the medium and colony counting. 

 

In the first step, after an appropriate incubation period, I counted the number of colonies on Petri dishes. 

The yellow colonies were the resistant subtype, while the white colonies belonged to the sensitive subtype. 

This color difference allowed the two types of strains to be clearly distinguishable with the naked eyes 
when counting. 

 

As part of the experiment I counted the number of resistant cells on the antibiotic-containing plate and the 

total number of cells on the control plate without antibiotic, then I calculated the average of them and 

determined the fraction of resistant strains compared to all the colonies with both antibiotics (erythromycin 
and piperacillin) and their associated controls. 

 

4. Results of the microbiological assay 

 

The effect of the subinhibitory level of antibiotics has been the subject of high scientific interest, since 

several studies pointed out that even very low level of antibiotic concentrations can select for antibiotic 
resistance and can have an impact on the population dynamics of the microbial community [11,12]. Fig. 

2A shows the fraction of resistant bacteria after subinhibitory level of erythromycin (0.125 μg mL-1, 4-times 

below the MIC for the sensitive S. aureus strain) is introduced into the system (after 24 h incubation time 

at 30 °C). It is clear that even at this low concentration, the resistant subtypes are significantly enriched in 

the population. In order to eliminate this biological effect, we investigated the applicability of electron beam 
irradiation. The irradiation was done on solutions containing 0.5 mM (0.37 g L-1) erythromycin or 

piperacillin (0.26 g L-1) in order to be able to work in a convenient dose range for the accelerator, and the 

model system with the bacteria was spiked with an appropriate amount of the treated solution similarly to 

the untreated sample. After irradiation the solutions were 500 times diluted.  
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Fig. 2. (a) Fraction of resistant bacteria in a population that was spiked with erythromycin sample 

irradiated in pure aqueous solution. (b) fraction of resistant bacteria in a population that was spiked with 

a model wastewater matrix sample containing erythromycin and subjected to electron beam irradiation.  

 

It appears from Fig. 2A that relatively low absorbed dose is not sufficient to eliminate the effect of 

erythromycin on the bacterial population, at 0.4 kGy there is not much change in the fraction of resistant 
bacteria compared to the control sample. Since at 1.6 kGy there can be still a significant difference observed 

between the control and antibiotic containing sample, we might conclude that at ~1.6 kGy we can reach a 

dose that might be considered appropriate for eliminating the biological effect of erythromycin. In respect 

to piperacillin (also 0.125 μg mL-1 concentration, 8-times below the MIC for the sensitive S. aureus strain), 

it appears that a higher dose is necessary to reach an appropriate treatment stage where there is definitely 
no significant difference between the antibiotic containing and control sample (Fig. 3A). The minimum 

dose requirement in this system was chosen to be 4 kGy. It was shown in our previous studies that in case 

of penicillin derivatives several products form that can retain the biological activity of the original molecule 

[15]. This phenomenon might lie behind the higher dose requirement in case of piperacillin compared to 

erythromycin. 
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Fig. 3.  (a) Fraction of resistant bacteria in a population that was spiked with piperacillin sample 

irradiated in pure aqueous solution. (b) fraction of resistant bacteria in a population that was spiked with 

a model wastewater matrix sample containing erythromycin and subjected to electron beam. 

 



 
 

When irradiation is done in a complex wastewater matrix, markedly different system is generated, which 

can eventually give rise to considerably different outcomes. The fraction of resistant bacteria is shown in 
Fig. 2B and 3B for erythromycin and piperacillin, respectively, after incubating the system at 30 °C for 24 

h. In this case the final concentration of the system with the bacteria was adjusted to be equal to a model 

synthetic wastewater sample applied in our previous studies [4,13,14]. The final antibiotic concentration 

was 2 μg L-1, which was considered as a realistic level in wastewater samples based on a previous study 

[16]. Surprisingly, while in Fig. 2A the resistant bacteria dominates the population at 0 kGy when even 
lower antibiotic concentration is applied in pure water, the resistant bacteria seem to becomes the population 

dominated by the sensitive strain in the model wastewater (Fig. 2B). While in our first experiment (Fig. 

2A) 125 μg L-1 concentration is applied (4 and 8-times below the MIC for the sensitive S. aureus strain for 

erythromycin and piperacillin, respectively), in the second experiment (Fig. 2B and Fig. 3B) the 

concentration is 2 μg L-1 (250 and 500 -times below the MIC for the sensitive S. aureus strain for 

erythromycin and piperacillin, respectively). This phenomenon is very interesting, and might be due to a 
substantial fitness cost of carrying the mecA gen and expression of the altered penicillin binding proteins in 

response to the antibiotic present (for the resistant S. aureus strain, see [14]), while the sensitive strain 

remains unaffected and has no such a fitness cost, eventually giving a competing advantage under such 

circumstances. As the samples are irradiated it appears that after ~8 kGy absorbed dose the bacterial 

population is unaffected in case of erythromycin. Nevertheless, too high absorbed dose seems to be again 
disadvantageous presumably due to some products forming from the humic acid. This matter will be further 

investigated through control experiments using only synthetic wastewater matrix.  Furthermore, in case of 

piperacillin we can see that the population is dominated by the sensitive strain until 60 kGy, this 

phenomenon might be explained again in terms of substantial fitness costs of being resistant. As we have 

mentioned before, in case of piperacillin the forming products can also retain some antimicrobial activity, 
which was investigated in our previous study [15]. At higher doses again we assume that probably products 

from humic acid exhibits some effect on the population, as we can see in the case of piperacillin solutions 

(Fig. 3B), the population becomes dominated by the resistant mutant.  

 

It must be noted that the absorbed doses are shown for the concentrated sample, and in fact for a real 

scenario these values should be divided by 500 (500x concentrated solutions were applied), and those dose 
requirements must be tested on a real scenario. 

 

It should also be mentioned that although at first sight it appears to be delighting that the amount of resistant 

subtypes are suppressed, it must be recognized that they are under continuous effect of the antibiotic and 

this circumstance might lead to slow but further mutation events as it was shown in other cases [17].  
 

5. Summary 

 

While there are many studies focusing on the elimination of the antimicrobial activity of dif ferent 

antibiotics, there is a lack of knowledge about their subinhibitory effects, which is actually the case in 
wastewater samples and in the environment. Previously, we developed a microbiological assay to monitor 

the biological effect of subinhibitory level of antibiotics on resistant – sensitive bacterial cultures. As a 

continuation of our work, we applied electron beam irradiation to eradicate any effect the antibiotics have 

on these mixed microbial populations. Our study started with a simplified system using pure aqueous 

solutions of the antibiotic, followed by experiments on a more complex synthetic wastewater matrix. This 

step-by-step approach allowed us to have more understanding on the population dynamics of the chosen 
sensitive-resistant bacterial culture, adding to the continuing progress in this scientific field. Furthermore, 

we have also identified dose requirements important for the application of electron beam treatment to tackle 

the evolution of antibiotic resistance in wastewater matrices. As a next step, we are planning to further 

deepen our knowledge about the population dynamics in response to the presence of antibiotics, and apply 

even more complex systems with bacteria present during the irradiation. The findings in this study support 



 
 

our ultimate aim to realize the implementation of electron beam treatment to tackle antibiotic resistance 

development in the environment. 
 

6. Future plans 

 

We have developed a microbiological assay to assess the effects of transformation products of electron 

beam treatment on the population dynamics of a resistant and sensitive mixed bacterial population. Using 
this method we plan two series of experiments, in one of them wastewater matrix with bacteria will be used, 

in the other wastewater-matrix with antibiotic and bacteria. In these cases, we will add bacteria to the 

samples prior to irradiation.  

 

Our plan to measure the emergence and transmission of antibiotic resistance in the bacteria cell by matrix-

assisted laser desorption/ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS). The 
instrument allows antimicrobial susceptibility testing which provides rapid differentiation between resistant 

and susceptible strains regardless of the microbial species, antimicrobial agent in question, or underlying 

resistance mechanism. The technique is a relevant tool for the detection of antibiotic resistance and opens 

new avenues for both clinical and experimental microbiology. In addition, understanding dispersal barriers 

is not only key to evaluate risks, but also to prevent resistant pathogens, as well as novel resistance genes, 
from reaching humans. 

The future aim: methods will be elaborated for measuring the concentration of the bacteria in the wastewater 

effluent, and for measuring both the concentration and the antimicrobial activity of the antibiotics. The dose 

required to eliminate specific antibiotic contaminants will be established and appropriate methodologies 

will be developed for the treatment of bio-hazards in irradiated wastewater using electron beam 
accelerators. 
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Abstract 

Most of the wastewater treatment plants in Kuwait suffer severe sludge bulking and foaming problems, particularly 
during winter seasons. This operational problem often results in poor effluent quality (e.g. high concentrations of 
solids, organics and pathogens in the effluents). Further, these plants were found not to be efficient in removing 

emerging pollutants, such as endocrine disrupting chemicals (EDCs). Therefore, it is proposed to investigate the 
application of electron beam irradiation for polishing and removing emergent pollutants, namely EDC's, from effluents 
containing relatively high concentrations of suspended solids and organics which are usually encountered during 

sludge bulking and foaming incidences. The proposed research is expected to give better understanding of electron 
beam irradiation of conventionally treated wastewater during incidences of activated sludge and foaming. This is 

particularly of great importance for countries like Kuwait, in which the problems of sludge bulking and foaming occur 
so frequently. This is the second annual progress report of the coordinated research project contracted (CRP) with the 

International Atomic Energy Agency (IAEA), which has started in April 2018. 

Keywords: Activated sludge, Sludge bulking and foaming, Emerging contaminants, Advance Treatment  

 

1. Introduction 

Kuwait is situated in a harsh environment characterized by little rainfalls and very high evaporation rates. 

In fact, Kuwait has no natural freshwater resource other than scarce amounts of brackish groundwater, 

which are depleting at fast rates, and therefore, it mainly depends on desalination of seawater to meet almost 

all its water demands. Since desalination of seawater is very expensive, Kuwait has to find a way to augment 
its water resources in order to meet the increasing demands for water supplies caused by rapid population 

growth and urbanization. To maintain sustainable development and lifestyle; Kuwait has lately adopted a 

vigorous campaign to reuse treated municipal wastewater in agricultural and greenery landscape irrigations 

[1].   

Municipal wastewater is treated in Kuwait at four main treatment plants situated at Kabd, Riqqa Sulaibiya 
and Umm-Al-Haiman areas. All these plants are all activated sludge plants, and all of them treat to tertiary 

level (sand filtration and chlorination), except the Sulaibiya plant which treats to advanced level (ultra-

filtration, Reverse Osmosis and chlorination). Most of the wastewater treatment plants (WWTPs) in Kuwait 

suffer every winter from sludge bulking and foaming problems [2,3]. Activated sludge bulking and foaming 

is a worldwide common operational problems [4,5]. If not controlled, however, excessive sludge bulking 

and foaming can lead to many serious problems such as violation of effluent requirements, clogging of 
tertiary filters, or/and inadequate disinfection or even a complete failure of the entire wastewater treatment 

process [6].  

Endocrine disrupting compounds (EDCs) have adverse effects on the endocrine system of organisms, and 

they are very toxic at very low concentrations as 1 ng/l [7]. EDCs include a wide range of natural and 

synthetic compounds that exert adverse effects on the endocrine system of organisms. Common EDCs 
present in wastewater streams include natural estrogens, phthalates, alkyl-phenols and other industrial and 

pharmaceutical compounds. One of the main sources of EDCs in marine is sewage treated wastewater [8]. 

It is known, however, that most conventional wastewater treatment facilities do not remove these 



 
 

compounds completely [9]. In a recent study, KISR has found that effluents of Kuwait’s wastewater 

treatment plants contain significant levels of EDCs [10]. Upon sludge bulking and foaming incidences, the 
situation can be even worse. In fact, almost all contaminants are not expected to be removed satisfactorily 

under such condition.  

This is the second annual progress report of the coordinated research project (CRP F23033) contracted 

(Contract No. 22538/R0) with the International Atomic Energy Agency (IAEA) for four years, starting 

from April 2018.  

2. Objectives 

The specific objectives of the service are the followings: 

i. To investigate the elimination of estrogen activity and inactivation of indicator microorganisms 

from secondary effluents of Kuwait’s municipal wastewater treatment plants, using electron beam 

irradiation. 

ii. To study the effect of the season, filamentous bacteria and pollution loading rate on the irradiation 
efficiency. 

iii. To determine the optimal irradiation doses for polishing tertiary effluents of Kuwait's municipal 

wastewater treatment plants.   

    

 

3. Methodology 

To achieve the above-mentioned objectives, the following five tasks were proposed:  

Task 1: Mobilization  

Task 2: Sampling and Laboratory Analysis  

Task 3: Wastewater Irradiation 

Task 4: Results Analysis and Interpretation  

Task 5: Reporting  

 

4. Progress of Work 

Table 1 presents the schedule of the tasks, which are proposed to be completed in four years. During 

the second fiscal years (2019/2020), the ongoing tasks were Task 2 (Sampling and Laboratory Analysis) 
and Task 5 (Reporting). As shown by red ink in Table 1, all assigned duties for this year were fully 

completed.  

TABLE 1. SCHEDULE 

 2018-2019 2019-2020 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 
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2                         

T1: Mobilization, T2: Sampling and Laboratory Analysis, T3: Wastewater Irradiation, T4: Result 

Evaluation, T5: Reporting,  SPR: Semi-annual Progress Report, AR: Annual Report, FR: Final Report. 

 

TABLE 1. SCHEDULE (CONT’D). 

 2020-2021 2021-2022 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 
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R3 

     SP
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R T1: Mobilization, T2: Sampling and Laboratory Analysis, T3: Wastewater Irradiation, T4: Result 

Evaluation, T5: Reporting, SPR: Semi-annual Progress Report, AR: Annual Report, FR: Final Report. 

 

4.1 Sampling and Laboratory Analysis (Task 2) 

This task started as planned in April 2019. Two sets of wastewater samples were collected, on bi-

monthly basis, from the influent and tertairy effluent streams of Riqqa WWTP. One set of samples was 

transported to Sulaibiya Research Plant (SRP) for laboratory analysis of routine wastewater qulaity 
parameters according to APHA [11], while the other set of samples was sent to the laboratories of 

Environment and Life Sciences Research Center (ELSRC) for determination of estrogens’ concentrations 

according to the method followed by Liu et al. [12]. Samples of the obtained results are presented in Fig. 1 

to 5 below.  
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Fig. 1. Average concentrations of the suspended solids and organics in influent and effluent streams 

of riqqa wwtp. 

 

 

Fig. 2. Average concentrations of nitrogen compounds in influent and effluent streams of riqqa wwtp.  

 

 

 

Fig. 3. Profile of ammonia concentrations in effluent stream of riqqa wwtp from april 2019 to january 2020. 
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Fig. 4. Average concentrations of estrogens in influent and effluent streams of riqqa wwtp. (e1: estrone, 

e2: estradiol, ee2: ethynylestradiol, e3: estriol). 

 

4.2 Reporting (Task 5)  

During the second fiscal year, two reports were assigned (Table 1): Progress Report No. 3 (SPR3) and 

Annual Report No. 2 (APR2). SAR3 was prepared and submitted to KISR management in December 2019, 

and this report is AR2.  

  

5. Plans for Next Fical Year 

According to the plans (Fig. 1), three tasks will be executed during the next fiscal year. These task are Task 

2 (Sampling and Laboratory Analysis), Task 3 (Wastewater Irradiation) and Task 5 (Reporting). It should 

be noted that half of Task 2 is completed during the last fiscal year (Table 1), therefore, only half of it is 

left to be executed during the next fiscal year.  

In general, all duties assigned for the next fiscal year are expected to be performed smoothly without any 

difficulties, except the irradition testing (Task 3). It has been arranged to conduct the irradiation tests of 

synthetic wastewater at  the National Centre for Nuclear Sciences and Technology (CNSTN) in Tunisia. So 

far, however, there is no fund for the proposed scientific mission to CNSTN.   

6. References 

1. Al-Shammari, S. and A. M. Shahalam (2005). Water demand and wastewater management in Kuwait. 

Proceedings of the 7th Gulf Water Conference, Water in the GCC – Towards an Integrated 

Management, 19-23 November 2005, Kuwait, pp 701- 709. 

2. Abusam, A., A. Mydlarczyk, F. Al-Salameen and M.I. Ahmed  (2017). Identification of the most 

probable causes for filamentous bacteria over-proliferation in Riqqa wastewater treatment plant, 

Kuwait, Desalination and Water Treatment, 57(52): 78-84. 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

E1 E2 EE2 E3 Total

ug/l Average-Inf

Average-Eff



 
 

3. Abusam, F. Al-Salameen, A. Mydlarczyk and M.I. Ahmed (2015). A study on the identification and 

control of filamentous bacteria in wastewater treatment plants in Kuwait,  Final Report, KISR 12498 

4. MetCalf and Eddy (2003). Wastewater Engineering Treatment, Disposal, Reuse, 3rd ed. New York: 

McGraw-Hill Publishing Company, Ltd. 

5. Kragelund, C., Nilsson, B., Eskilsson, K., Bogh, A. M. and Nielsen, P.H. (2010). Full-scale control of 

Mycolata foam by FEX-120 addition, Water Science and Technology 61 (10): 2443-2450. 

6. Soltysik, D.; I. Bednarek; S. Galka; and Sypniewski (2011). Repetitive estrogenic palindromic PCR 

(REP-PCR) as a method used for bulking process detection in activated sludge, Environmental 

Monitoring and Assessment 176 (1-4): 343-354. 

7. WHO (2002). Global assessment of the state-of-the-science of endocrine disruptors. In: Damstra, T., 

Barlow, S., Bergman, A., Kavlock, R., Van Der Kraak, G. (Eds.), International Programme on 

Chemical Safety, WHO/PCS/EDC/02.2 ed. 

8. Andersen, H., Siegrist, H., Halling-Sørensen, B., and Ternes, T. A. (2003). Fate of Estrogens in a 

municipal sewage treatment plant. Environmental Science and Technology, 37(18), 4021-4026. 

9. Pessoa, G.P., de Souza, N. C., Vidal, C.B., Alves, J.A.C., Firmino, P.I.M., Nascimento, R.F. and dos 

Santos, A.B. (2014). Occurrence and removal of estrogens in Brazilian wastewater treatment plants, 

Science of the Total Environment 490: 288–295. 

10.  Saeed, T. , N. Al-Jandal, A. Abusam, H. Taqi, A. Al-Khabbaz, J. Zafar (2017). Sources and level of 

endocrine disrupting compounds (EDCs) in Kuwait’s coastal areas, Marine Pollution Bulletin 118: 407-

412. 

11.  APHA. 2017. Standard methods for examination of water and wastewater.   American Public Health 

Association (APHA), Washington, D. C., USA. 

12.  Liu, Z., G. Lu, H. Yin, Z. Dang, and B. Rittmann (2015). Removal of Natural Estrogens and Their 

Conjugates in Municipal Wastewater Treatment Plants: A Critical Review, Environmental Science and 

Technology 49, 5288−5300. 

  



 
 

INACTIVATION OF SELECTIVE BACTERIAS IN SEWAGE SLUDGE BY ELECTRON BEAM 

IRRADIATION AND MONITORING OF PHYSICO-CHEMICAL PROPERTIES 

S.Selambakkannu1, N.A.F. Othman1, K.A.Bakar1, T.M.Ting1, N.H.L.Humaira1, S.Devadas2, 

S.Bhassu3 

1Radiation Processing Technology Division, Malaysia Nuclear Agency, Bangi, 43000 Kajang, Malaysia 
2Selangor Fisheries Biosecurity Center KLIA, Department of Fisheries, 63000 Sepang, Malaysia 

3lnstitute of Biological Sciences, Faculty of Science, Universiti Malaya, 50603 Kuala Lumpur, Malaysia. 

 

ABSTRACT 

This study focused on detection and identification of the Salmonella Enterica, Salmonella Bongori and enterococci 
in domestic sewage sludge samples (SSS) which at collected from different sampling point, A and B. The aim of 
this study was to validate the efficiency of electron beam irradiation (EBI) in the inactivation of Salmonella 
Enterica, Salmonella Bongori and enterococci. The SSS collected from point A abd B were subjected to irradiation 

at different dose (kGy), energy (MeV), and dose rate (kGy/min). Irradiation was performed in batch mode and the 
irradiated samples were then accessed for the detection of Salmonella Enterica, Salmonella Bongori and 

enterococci. Detection of Salmonella Enterica, Salmonella Bongori and enterococcii was conducted based on 
APHA 9620, APHA 9222J and APHA 9260 standard method. The results clearly indicate that EBI is effective in 
inactivating Salmonella Enterica, Salmonella Bongori and enterococci. The radiation inactivation kinetics was 

also investigated in terms of irradiation dose and energy.  

 

1. INTRODUCTION 

Any material with the synthetic or natural origin which has been specifically applied to soil or plant tissues 
in order to provide essential nutrients for sustainable growth known as fertilizer. Generally, fertilizers are 

inorganic materials with high analytical values and define composition [1]. The fertilizers are classified 

into three categories based on number of nutrients supply to the plants, namely, straight, complex and mixed 

fertilizers. Furthermore, fertilizers exist in two different forms, solid and liquid type fertilizer. The form of 

fertilizers applied onto soil entirely depends on the nature of agricultural site and type of crop [2].  

Basically, fertilizers provide nutrients to the plant for better quality with higher yield in order to maintain 

sustainable productivity to compensate growing demand. Fertilizers also replace and balanced the 

availability of the nutrients in the soil [3]. The fertilizer can be produced either by natural or industrial 
practise. The naturally produced fertilizer categorized as organic fertilizer while the industrial made known 

as chemical fertilizer. Chemical fertilizers are readily available, displays instant improvement, easy to 

handle and also inexpensive [4]. Therefore, agricultural sectors favorable towards the usage of chemical 

fertilizers on crops which provide food, clothing and other agricultural products. However, the disadvantage 

associated with usage of chemical fertilizers for agriculture is inevitable. The excessive usage of chemical 
fertilizers for agriculture leads to serious environmental problems as fertilizer widely contains heavy metals. 

Literally, this will contaminate water resources and soil directly which will deteriorates the quantity and 

quantity of crop production [5]. Apart that, the chemical fertilizers too contains some carcinogenic chemical 

substances. Accumulation of carcinogenic substances and heavy metals  in plant via food chain was 

evidently proven previously [6]. Conclusively, the usage of chemical fertilizers clearly oblige threat on 
human health and environment. Thus, great attention must exerted on the any alternative solution as usage 

of fertilizers are closely interrelated  to the security of the world’s food supply, too. 



 
 

Usage of organic fertilizer can be perfect solution for this emerging issue and also desirable as many had 

leaned clearly the disadvantages of chemical fertilizers. Organic fertilizer is usually made from plant or 
animal waste or powdered minerals. Organic fertilizers are renewable, biodegradable, sustainable, and 

environmentally friendly. Apart from providing nutrients to plants the organic fertilizers also improves the 

structure of the soil and increase its ability to hold water and nutrients [7].  Lately, the potential of sewage 

sludge as sustainable fertilizer had been highlighted as well. The sewage sludge typically contains valuable 

source of nutrients and organic matter. Usage of sewage sludge as fertilizers is cost efficient and also limits 
the waste generation which will eventually stimulate the economical growth [8]. However, in order to use 

sewage sludge as fertilizer for agriculture, some of important properties of sewage sludge such as heavy 

metals, disease causing microorganisms and also toxic compounds essentially to be monitored and 

eliminated. Among of multiple techniques readily available for the elimination of pathogenic  

microorganisms and  toxic compounds from sewage sludge, ionizing radiation could be considered as 

highly efficient and effective.  

This study focused on effect of irradiation dose and dose rate onto Salmonella Spp. and enterococci. Both 

this microorganisms are commonly found in food and human intestine. Thus, it present abundantly in 
sewage sludge. On top of that, the physico chemical properties such as chemical oxygen demand (COD), 

total organic carbon (TOC), total inorganic nitrogen and total phosphate content of the sewage sludge was 

also analyzed in term different irradiation dose. These properties play an important role in evaluating the 

potential of sewage sludge to be used as fertilizer after ionizing irradiation treatment.   

 

2. EXPERIMENTAL 

2.1 Sampling of sewage sludge sample 

The sewage sludge samples (SSS) were collected from sewage treatment plant which located in the 

residential and industrial area of Klang Valley. The sampling was done in two different point, secondary 

activated sludge reactor tanks after separation of the grits (point A) and also at sludge thickening tank (point 

B) before subjected to the sun bed drying process. Sampling was done on weekly basis and a day before 
scheduled electron beam irradiation (EBI) slot. SSS was stored in sterile plastics containers and transported 

to laboratory at 4 ºC. The sludge volume index (SVI), mixed liquor volatile suspended solids (MLVSS) and 

mixed liquor suspended solids (MLSS) of each batch of sampling were tested and summarized in TABLE 

1. The SSS from the treatment plant was placed into the lab scale activated sludge system made of acryl. 

SSS was fed into the aeration tank and was aerated with a diffuser which was connected to a small aquarium 
pump to maintain dissolved oxygen (DO) concentration above 4mg/l in the aeration tank for the for the 

preservation of microorganism overnight.  

 

 

TABLE 1 The sludge properties in term of suspended solid 

 
    

 

 

 

 
 

2.2 Irradiation of sewage sludge sample 

 

The irradiation was performed using the EPS 3000 Nissin High Voltage, Japan electron beam machine. 

Technical specifications of EPS 3000 are accelerator voltage: 0.5-3.0 MeV, beam current: 1-30 mA, max 

Analysis A B 

SVI 334.26 338.98 

MLVSS 276.65 347.63 

MLSS 461.08 579.38 



 
 

beam power: 90 kW and conveyor speed: 1-20 m/min. The SSS was placed into a stainless steel tray and 

transported into irradiation chamber by conveyer system. The irradiation dose (kGy), energy (MeV), current 
(mA), conveyer speed (m/min) and dose rate (kGy/min) used for entire experimental course were 

summarized in Table 1 below. Irradiated samples were placed into sterile plastics container at 4 ºC for 

further laboratory examination for identification of targeted microorganism and also physico chemical 

analysis.  

 
TABLE.2. Electron beam irradiation parameter for sewage sludge sample 

 

 

2.3 Microbial Assay 

The effect of irradiation dose and dose rate were tested onto different species of salmonella, Salmonella 
Enterica and Salmonella Bongori. 100ml of un-irradiated and irradiated SS were filtered through 0.45 um 

membrane filter (Merck). Membrane filters were then were inoculated into salmonella selective 

supplements and were incubated 37 °C for 24 h. Thereafter, the inoculated membrane filters were then 

placed onto salmonella chromogenic agar base and incubated at 30 °C for 24 h. Plate count method was 

used to enumerate the microbial count. Concentration of both species of salmonella were calculated in 
colony forming unit (cfu)/100ml. The identification of both Salmonella Enterica and Salmonella Bongori 

were performed based on the colony appearance.  

The effect of irradiation dose and dose rate were also tested on enterococci. 70ml of un-irradiated and 

irradiated SSS were filtered through 0.45 um membrane filter (Merck). Membrane filters were then placed 

onto enterococci agar (Merck). Agar containing filtered membranes were incubated at 35 ºC for 18-24 

hours. Plate count method was used to enumerate the microbial count. Concentration of enterococci was 
calculated in colony forming unit (cfu)/100ml.  

   

2.3 Physico-Chemical Analysis 

Un-irradiated and irradiated SSS will be subjected to some physico chemical analysis  in order observe the 

effect of electron beam irradiation onto sludge samples. All the analyses of samples were conducted in 
accordance with American Public Health Association (APHA). COD was determined using dichromate 

solution which was digested in a Hach reactor and followed by UV absorption measurement with Hach-

2400 spectrophotometer. TOC (total organic content) was measured using persulfate and acid solution 

which forms carbon dioxide (CO2) with digestion in Hach reactor from water sample. The CO2 released 

measures the amount of carbon present in the sample by UV absorption measurement with Hach-2400. The 
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total inorganic nitrogen content were conducted by titanium trichloride reduction method. This analysis 

designated to provide an estimate of total nitrite, nitrate and ammonium nitrogen which present in water 
with aid of reduction agent, titanium (III) ions. The total phosphate content were carried out by 

molybdovanadate method with acid persulfate digestion. This method converts organic and inorganic forms 

of phosphates to reactive orthophosphate by acid persulfate digestion.   

 

3. RESULTS AND DISCUSSION 

3.1. Inactivation of Salmonella  

 

Quantification of Salmonella Enterica and Salmonella Bongori onto SSS from point A and B before and 

after electron beam irradiation (EBI) treatment were evaluated thoroughly. The results obtained clearly 

indicate that the colony of both Salmonella Enterica and Salmonella Bongori in irradiated SSS at point A 

and B significantly reduced after EBI treatment. FIG. 1 and FIG. 2. exhibits the reduction percentage of 
total Salmonella Enterica and Salmonella Bongori colony after EBI at different energy and irradiation dose 

for SSS from point A and point B, respectively. Meantime, FIG. 3. illustrates the reduction in Salmonella 

Enterica and Salmonella Bongori colony at different irradiation current with varying conveyor speed which 

directly correlates to irradiation dose rate. At all the circumstances, the reduction in Salmonella Enterica 

and Salmonella Bongori colony is very obvious in both point A and point B samples. The total reduction 
for Salmonella Enterica and Salmonella Bongori in SSS from point A was around 99.6 % and 97.6 %, 

respectively at 10 kGy of radiation dose and 3 MeV of energy. The total reduction for Salmonella Enterica 

and Salmonella Bongori in SSS from point B was around 84.7 % and 83.5 %, respectively  at 10 kGy of 

radiation dose and 3 MeV of energy. The similar trend was obtained for EBI treatment at different 

irradiation current, too.  The mechanism involved in disinfection of microorganism strongly depends on the 
nature of the disinfectant and the type targeted microorganism. Inactivation of microorganism could 

possibly take place by means of cell wall damage, cell permeability alteration, cell protoplasm colloidal 

nature changes and critical enzyme systems inactivation [9]. Therefore, EBI impose massive impact on 

chemical changes in microorganism which quickly leads to inactivation of targeted living organism.   

 

 

FIG. 1 Effect of EBI treatment onto Salmonella colonies in SSS from point A 

 



 
 

 

FIG. 2 Effect of EBI treatment onto Salmonella colonies in SSS from point B 

 

 

 

   

                  FIG. 3 Effect of EBI treatment onto Salmonella colonies at different current 
 



 
 

 

The reduction of salmonella colony in relatively was more effective in SSS from point A in comparison to 
point B. This might directly relate to the difference in the composition of SSS from point A and point B. 

SSS from point B highly concentrated and contains high level of suspended solid. This may hinders the 

penetration of electron beam rays up to certain levels which effect the effectiveness of the treatment. EBI 

treatment was found to be very effective in reducing the both salmonella colony count and D10 values of 

each salmonella species summarized in Table 3 below. The D10 values for salmonella colonies in SSS from 
point B still slightly higher than point A.    

 

TABLE 3. D10 values of each salmonella colonies from sampling point 

 

 

 

 

 

 

3.2. Inactivation of Enterococci 

 
Enterococci is a common microorganism which lives in human intestine. Therefore, enterococci can be 

easily detected in SSS. In this study, the effectiveness of EBI treatment on inactivation of enterococci was 

analyzed thoroughly. The EBI treatment had effectively reduced the total enterococci count to safer level.  

FIG. 4 and FIG. 5. exhibits the reduction percentage of total enterococci colony after EBI at different energy 

and irradiation dose for SSS from point A and point B, respectively. Meantime, FIG. 6. illustrates the 
reduction in enterococci colony at different irradiation current with varying conveyor speed which directly 

correlates to irradiation dose rate. The reduction in enterococci colony is very obvious in both point A and 

point B samples. The total reduction for enterococci in SSS from point A was around 95.5 % and 99.4 %, 

respectively at 10 kGy of radiation dose and 3 MeV of energy. The total reduction for enterococci in SSS 

from point B was around 66.1 % and 79.9 %, respectively  at 10 kGy of radiation dose and 3 MeV of 

energy. The similar trend was obtained for EBI treatment on enterococci at different irradiation current, 
too. The reduction of enterococci colony quiteffective in SSS from point A in comparison to point B. EBI 

treatment was found to be very effective in reducing the enterococci count, especially to the safer level with 

the D10 value which displayed in Table 4 below. The D10 values for enterococci reduction for SSS from 

point B is still higher than in point A. Radiation could impose both direct and indirect effects on 

microorganism. The interaction of radiation with critical components of cell survival, known as direct 
effect, will eventually affect the ability of the cell to reproduce and survive [10]. Indirect effects initiated 

by the intermediate radicals with their subsequent interactions with waste elements which are by-products 

formation of secondary reactants generated through of radiolysis of water. This generally leads to energy 

deposition in the sludge samples resulting in the free radical production, sensitizer,  and secondary 

ionization. 

 

Sample Collection Point 

Salmonella Enterica Salmonella Bongori 

2 MeV 3 MeV 2 MeV 3 meV 

Point A 7.85 7.37 9.52 8.64 

Point B 10.74 10.30 11.03 10.30 



 
 

 

 

                   FIG. 4 Effect of EBI treatment onto Enterococci colonies in SSS from point A 
 

 

 

                FIG. 5 Effect of EBI treatment onto Enterococci colonies in SSS from point B 



 
 

               

 

                 FIG. 6 Effect of EBI treatment onto Enterococci colonies at different current 

 

TABLE 4. D10 values of each enterococci colonies from sampling point 

 

 

 

 

 

3.3 Inactivation Kinetics 
 

Inactivation of microorganism by ionizing radiation occurs mainly due to induction of free radical species 

such as ·OH radicals which formed during radiolysis of water. The ·OH radicals are capable to react with 

the sugar-phosphate backbone of the DNA chain and this will eventually trigger the removal of hydrogen 

atoms from the sugar. Thus, scission of the phosphate ester bonds take place and subsequently leads to 

appearance of single strand breaks.  Double strand breaks ensue when two single strand breaks take place 
in each chain of the double helix at a close distance [11]. This process eventually destroys the cell 

completely. Therefore, it can be concluded that inactivation kinetics of microorganisms is deeply affected 

by irradiation process. Irradiation dose predominantly effects the microbial inactivation process. Therefore 

it is crucial to study the inactivation kinetics produced by EBI from the viewpoint of irradiation dose in 

order to assess its effect on microbial inactivation. SSS from point A and B was irradiated at different 
energy and current and the total count of salmonella species and enterococci were analyzed accordingly. 

 
Sample Collection Point 

Salmonella Enterica 

2 MeV 3 MeV 

Point A 9.06 7.43 

Point B 11.84 10.60 



 
 

The irradiation inactivation of the microorganism was considered to follow a first-order reaction in equation 

(1) as shown below.  

0

log ( )
N

k t dt
N

= −   

whereby, N and No are the number of viable cells per unit volume at treatment times t and O, respectively, 

and k is an inactivation rate constant [12, 13].  

 

The results obtained are displayed in Fig. 7 – 11 below. The irradiation inactivation curves obtained from 
different irradiation dose at various energy differ from each and other. The highest inactivation rate 

constant, k obtained for SSS from point A at irradiation energy of 2 MeV, 0.27 for salmonella anterica, 

0.30 salmonella bongori and 0.34 for enterococci. The highest inactivation rate constant, k obtained for SSS 

from point B at irradiation energy of 2 MeV, 0.62 for salmonella anterica, 0.45 salmonella bongori and 0.98 

for enterococci. Therefore it can be concluded that 2 MeV of energy is sufficient for the inactivation of 
microorganism in SSS from point A and B. These results showed that inactivation of the microorganism 

during irradiation was predominantly due to the irradiation dose. 

 

FIG. 7 Radiation inactivation kinetics of Salmonella colonies in SSS from poimt A by EBI at 2 MeV 
energy.  Experimental conditions: irradiation dose rate, 1.00 kGy/sec; initial concentration of Salmonella 

Enterica, 1500 CFU/mL and Salmonella Bongori, 1800 CFU/mL; Enterococci, 2000 CFU/mL; pH= 6.9 

and temperature, 35 ºC. 



 
 

 

FIG. 8 Radiation inactivation kinetics of Salmonella colonies in SSS from point A by EBI at 3 MeV 

energy.  Experimental conditions: irradiation dose rate, 0.93 kGy/sec; initial concentration of Salmonella 

Enterica, 1800 CFU/mL and Salmonella Bongori, 1850 CFU/mL; Enterococci, 2000 CFU/mL; pH= 6.9 

and temperature, 35 ºC. 

 

FIG. 9 Radiation inactivation kinetics of Salmonella colonies in SSS from point B by EBI at 2 MeV 

energy.  Experimental conditions: irradiation dose rate, 0.93 kGy/sec; initial concentration of Salmonella 

Enterica, 2500 CFU/mL and Salmonella Bongori, 2800 CFU/mL; Enterococci, 2800 CFU/mL; pH= 6.9 

and temperature, 35 ºC. 



 
 

 

FIG. 10 Radiation inactivation kinetics of Salmonella colonies in SSS from point B by EBI at 3 MeV 

energy.  Experimental conditions: irradiation dose rate, 0.93 kGy/sec; initial concentration of Salmonella 

Enterica, 2600 CFU/mL and Salmonella Bongori, 2800 C FU/mL; pH= 6.9 and temperature, 35 ºC. 

 

FIG. 11. Radiation inactivation kinetics of Salmonella colonies in SSS from point A by EBI at 2 MeV 

energy and 10 kGy irradiation dose. Experimental conditions: irradiation dose rate, 0.60 - 2.00 kGy/sec; 

initial concentration of Salmonella Enterica, 2600 CFU/mL and Salmonella Bongori, 2700 CFU/mL; 

Enterococci, 2500 CFU/mL ; pH= 6.9 and temperature, 35 ºC. 



 
 

 

FIG. 12 Radiation inactivation kinetics of Salmonella colonies in SSS from point B by EBI at 2 MeV 
energy and 10 kGy irradiation dose. Experimental conditions: irradiation dose rate, 0.60 - 2.00 kGy/sec; 

initial concentration of Salmonella Enterica, 2600 CFU/mL and Salmonella Bongori, 2700 CFU/mL; 

Enterococci, 2500 CFU/mL; pH= 6.9 and temperature, 35 ºC. 

3.4 Physico Chemical Analysis 

 
Fig. 13 shows the effect of irradiation doses on the reduction in COD (mg/L) on SSS from point A and B. 

A consistent reduction in COD value was observed as the irradiation dose increases. Around 18 % and 20 

% of reduction in COD was observed in SSS from point A at 2 MeV and 3 MeV, respectively. Meanwhile,  

11 % and 16 % of reduction in COD was observed in SSS from point B at 2 MeV and 3 MeV, respectively. 

Reduction in COD were predominant in SSS from point A then point B. Upon irradiation, the water 

molecule in SSS undergoes radiolysis process to produce ionized and excited water molecules and free 
electrons (reactive species). Reaction between pollutant and primary products of water radiolysis (●OH, e- 

aq, H+) and secondary short-lived species formed from the pollutants cause the removal of both organic and 

inorganic pollutants from the waste water [14].  

Fig. 14 shows the effect of irradiation doses on TOC (mg/L) value on SSS from point A and B.  The TOC 

value remains persistence as the irradiation dose increases. At highest dose, 10 kGy,  TOC value obtained 
was around 185 mg/L and 170 mg/L for SSS from point A at 2 MeV and 3 MeV, respectively. Meanwhile,  

at 10 kGy,  TOC value obtained was around 400 mg/L and 384 mg/L for SSS from point B at 2 MeV and 

3 MeV, respectively.  

 

 

 



 
 

 

      

FIG. 13 Effect of irradiation dose onto COD of SSS 

 

 

          FIG. 14 Effect of irradiation dose onto TOC of SSS 



 
 

Fig. 15 shows the effect of irradiation doses on nitrate content (mg/L) value on SSS from point A and B.  

The nitrate content remains persistent as the irradiation dose increases. At highest dose, 10 kGy, nitrate 
content obtained was around 231 mg/L and 199 mg/L for SSS from point A at 2 MeV and 3 MeV, 

respectively. Meanwhile,  at 10 kGy,  nitrate content obtained was around 349 mg/L and 383 mg/L for SSS 

from point B at 2 MeV and 3 MeV, respectively.  

                            FIG. 15 Effect irradiation dose onto nitrate content of SSS 

 

Fig. 16 shows the effect of irradiation doses on phosphate content (mg/L) value on SSS from point A and 

B.  The phosphate content remains persistent as the irradiation dose increases. At highest dose, 10 kGy, 

phosphate content  obtained was around 119 mg/L and 160 mg/L for SSS from point A at 2 MeV and 3 
MeV, respectively. Meanwhile, at 10 kGy,  phosphate content obtained was around 235 mg/L and 384 mg/L 

for SSS from point B at 2 MeV and 3 MeV, respectively. 

 

 

 

 

 

 

 

 

 

 

 

              FIG. 16 Effect of irradiation dose onto phosphate content of SSS 



 
 

4. CONCLUSIONS 

 
It can be concluded that the EBI was very effective for the inactivation of salmonella enterica, salmonella 

bongori and enterococci in SSS from diffrent sampling point, A and B. EBI effects onto targeted 

microorganisms are highly dependent on radiation dose and energy. This study had helped to determine the 

most efficient range for irradiation dose and energy for future endeavor.     
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Abstract 

World production of sewage sludge increase thus it is needed to look for new efficient and environment safe ways to 

utilize them. One of possible method is methane fermentation and usage of digestate as fertilizer. However resistant 

pathogens in sludge may cause health threat, thats why hygienization process is required. The experiments with 

methane fermentation of irradiated sewage sludge were performed. Following types of sludge were used: prelimanary 

sludge (WWTP Józefów, municipal, Mazovian District) secondary sludge (WWTP Józefów, municipal, Mazovian 

District) and secondary sludge (WWTP, Milejów, mostly food industrial waste, Lublin District). After irradiation of 

every type of sludge disintegration was observed (increase in  Chemical Oxygen Demand (COD) in liquid phase). But 

increase in speed of methane fermentation process after irradiation of sewage sludge occured significantly only in case 

of sludge from Milejów, in two other cases methane production speed was very slightly higher, the same or even 

slower in comparison to non irradiated sludge. Also experiments with methane fermentation using preliminary sludge 

with addition of high COD waste from food industry were made. Waste from poultry processing, milk processing, 

sauce factory and collected fats were tested. The best results were obtained after fermentation of sludge with collected 

fats. All experiments are carried out to establish assumptions for „Zero Energy” installation projects. 

1. Introduction 

Rising amount of sewage sludge procuded every year is nowadays a matter of concern. In Poland in 2016 

947,2 thousands tons of dry mass was produced including industrial and municipal Wastewater Teatment 

Plants (WWTP), while in 2017 it was 1035,2 thousands tons of dry mass [1]. Rising numbers cause need 

to create new ways to use sewage sludge. One of the ways is incineration, but this method needs 

tremendeous amounts of energy and produces pollutants (CO2, dioxines, polyaromatic hydrocarbons). 

Another possible ways are: methane fermentation allowing to produce methane in biological process, use 

sewage sludge as a fertilizer. The second one is hazardous due to presence of resistant pathogens in sewage 

sludge, thus this waste requires hygienization proces before fertilizing fields. Works of A. Chmielewski et 

al. and W. Park et al. already shown that irradiation is effective in pathogens removal and sludge 

disintegration.[2,3] The idea of „zero energy” technology assumes connecting methods of methane 

fermentation and agricultural use of sewage sludge. Irradiation sludge with electron beam can assert 

hygienization proces while electric Energy produced from biogas can power the accelerator making 

installation self sufficient in terms of electric energy. 

        2. Equipment used in experiments 

 To carry out experiments with methane fermentation of irradiated sewage sludge eudiometric units 

according to DIN 38414/8 were used. To record ambient temperature and atmosferic pressure Testo 622 

was used. Automatic AMPTS II device was also used for experiments with methane fermentation. System 

is able to measure automatically amount of methane produced during biogas fermentation. Carbon dioxide 

produced in the fermentation proces is absorbed in alkalic solution, while electronic unit collects methane 

and measure it’s volume. AMPTS II is equipped with electronically controlled mixers attached to a reactors, 

which allows to program mixing. To measure the biogas composition gas chromatography was used, 

calibration was carried out using 60% methane and 40% carbon dioxide mixture. Before measurements 

biogas was collected in tedlar bags. Chemical Oxygen Demand (COD) in liquid phase were measured using 



 
 

Macherey – Nagel Nanocolor photometric tests. To read tests Macherey - Nagel Nanocolor Vis photometer 

was used. 

 

3. Methane fermentation with secondary sewage sludge from Milejów WWTP – results 

Preliminary sludge taken from Milejów (Lublin district) WWTP was used in methane fermentation 

experiment. All sludge from this are mosly obtained from food industry waste. Accelerator Elektronika 

10/10 and ILU-6 were used to irradiate samples. Doses used were: 1; 2 and 3 kGy. Also non irradiated 

sample was used as an reference sample. In each case irradiation caused increase in biogas production for 

the first days of experiment, however after 7-9 days process speed for irradiated decreased due to higher 

biomass consumption. COD measurements shown increase in COD in liquid phase after irradiation. The 

study of biogas composition shown that biogas produced from irradiated sludge had slightly more methane. 

4. Methane fermentation with preliminary sewage sludge from Józefów WWTP – results 

Preliminary sludge taken from Józefów WWTP was used in methane fermentation experiment. All sludge 

from this are mosly obtained from minicipal sewage. Accelerator Elektronika 10/10 was used to irradiate 

samples. Doses used were: 5; 6,5 and 10 kGy. Also non irradiated sample was used as an reference sample. 

The methane fermentation run shown that for the first period non irradiated sludge was producing slightly 

more biogas than irradiated sludges, which is unexpected due to higher COD in liquid phase for irradiated 

sludge. After about a week irradiated samples started to produce more biogas than non irradiated one and 

besides differences between doses amounts of obtained gas were nearly the same for all irradiated sludges. 

Finally total amount of biogas produced was higher for irradiated samples. The study of biogas composition 

shown that biogas produced from irradiated sludge had slightly less methane which is opposite situation in 

comparison with sludges from Milejów. 

5. Methane fermentation with secondary sewage sludge from Józefów WWTP – results 

Secondary sludge taken from Józefów WWTP was again used in methane fermentation experiment. 

Accelerator Elektronika 10/10 was used to irradiate samples. Doses used were: 6,5; 8,5 and 10 kGy. Also 

non irradiated sample was used as a reference. The methane fermentation run shown that for the first period 

non irradiated sludge was producing slightly more biogas than irradiated sludges, which is unexpected due 

to higher COD in liquid phase for irradiated sludge. After about a five days  irradiated samples started to 

produce more biogas than non irradiated one and besides differences between radiation doses the 

differences between amounts of obtained gas were not so significant fo all irradiated sludges. Comparing 

irradiated samples for the first period the higher the dose the more biogas produced, however after about 

six days thys tendency changed to opposite. The study of biogas composition shown that biogas produced 

from irradiated sludge had slightly less methane which is again opposite situation in comparison with 

sludges from Milejów. 

6. Study of food industry waste as a addition to sludge for methane fermentation 

To evaluate usability of high COD waste from food industry 4 types of such waste were chosen: waste from 

poultry processing, waste from milk processing, waste from sauce factory and collected fats. All of these 

were mixed with preliminary sludge from Józefów WWTP in proportion: 10% of waste, 90% of sludge, 

then fermented in propotion: 10% prepared biomass, 90% inoculum. Such ratios were chosen to simulate 

conditions in high scale biogas reactor, where mosts of mass is digestate. Also preliminary sludge with no 

additive was examined in the same conditions as a reference sample. No radiation was used in this 

experiment. Results shown that collected fats are the best additive to increase methane production giving 



 
 

1,25 times more methane in comparison to reference sample. Another additive giving good results was 

waste from sauce factory – 1,16 more methane in comparison to reference sample. Rest two types of waste 

gave nearly the same amount of methane as reference sample with no additive. 
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Abstract: Environmental virology is an essential area of research because of public health concerns. Normally, the 

viruses exist in the environment and acquire certain capability to endure conventional treatment processes. 

Subsequently, they become pollutants in environmental waters resulting in human exposure through contaminated 

drinking water and recreational waters, as well as foods. Human adenovirus (HAdV) is the most prevalent enteric 

virus in waters worldwide due to its environmental stability, which leads to  public health concerns. Mitigation 

strategies are therefore required. Ionizing radiation has emerged as an alternative method to ensure the safety of 

drinking water and to reduce the wastewater-linked contamination of fresh food products. Our studies have been 

focusing on the inactivation response of human adenovirus by e-beam irradiation, in comparison with other physical 

disinfection methods, such as autoclaving and germicidal UV radiation. 

Human adenovirus type 5 (HAdV-5) inoculated in two types of aqueous substrates (Phosphate-buffered saline - PBS 

and domestic wastewater - WW) was treated by electron beam at a dose range between 3 and 21 kGy. The 

amplification of HAdV-5 genome, the abundance and antigenicity of its structural proteins, as well as virus infectivity 

were evaluated. In all assays performed, the effect of electron beam irradiation was found at the highest doses of  

radiation (13 – 21 kGy), regardless of the substrate used. Viral proteins presented different sensitivity to electron beam 

irradiation in both substrates and, among the three structural proteins (hexon, penton base and fiber) detected, the 

hexon protein showed higher radioresistance. For all radiation doses, the percentage of relative binding of monoclonal 

antibodies to the hexon proteins was always higher in the viral suspensions in wastewater than in PBS. The maximum 

reduction in viral titer was about 7 and 5 log PFU/mL for irradiation with 20 and 19 kGy in PBS and in wastewater 

substrate, respectively. The differences observed between the two substrates can be explained by the protective effect 

of the organic matter present in the substrate may have on viral irradiation. According to the obtained results, it is 

suggested that the decrease in virus infectivity may be related to DNA damage and to protein alterations. 

In summary, electron beam irradiation  at a  dose of 13 kGy is capable of reducing HAdV-5 viral titers by more than 

99.99% (4 log UFP/mL) in both substrates assayed, indicating that this type of technology is effective fo r viral 

wastewater disinfection and may be used as a tertiary treatment in water treatment plants.  

1. INTRODUCTION 

Viral infections can occur worldwide throughout the year. Adenoviruses in drinking and recreational waters 

are considered to constitute a potential health risk because water may play a meaningful role in the 

transmission of many of the serotypes, specifically the enteric human adenovirus (HAdV), which is 

typically transmitted by the fecal-oral route [1]. Adenoviruses are associated with a variety of clinical 

illnesses involving almost every human organ system [2]. Illnesses induced by adenoviruses include upper 

respiratory illnesses, conjunctivitis, cystitis and gastroenteritis. Most illnesses caused by adenoviruses are 

acute and self-limiting. Although the symptomatic phase may be short, all adenoviruses can remain in the 

gastrointestinal tract and continue to be excreted for an extended period of time [2]. The HAdV is non-

enveloped, icosahedral in shape, and contains a double stranded DNA genome of ~36,000 base pairs (bp). 

HAdV can be infectious at low concentrations, and it is documented to be the most UV-resistant virus, is 

also resistant in water to monochloramine and other common chemical disinfection methods. Adenoviruses 

are waterborne opportunistic pathogens that have been detected in tap and treated drinking water, surface 

water, coastal seawater, swimming pool water, and treated and untreated wastewater [3]. Adenovirus 

outbreaks have been largely associated with water contamination and human consumption. Therefore, 

HAdVs have emerged as waterborne pathogens of health concern [3]. 



 
 

The development of alternative or complementary disinfection technologies with enhanced efficacy against 

viruses is important for sustainable water supplies. Ionizing radiation has emerged as an alternative method 

to ensure the safety of drinking water and to reduce the wastewater-linked contamination of fresh food 

products [4]. The knowledge on the effects of ionizing radiation on viruses is still scarce. It is believed that 

the mechanism of virus inactivation is based on the damage of nucleic acid strands and viral coat proteins 

[5]. Despite the existence of different molecular and structural targets, the radiosensitivity of viruses seems 

to be also related to several external factors, such as the composition of the medium. The efficiency of 

gamma rays seems to be impaired by the presence of solutes (scavengers), which react with free radicals 

(indirect effect of gamma rays on aqueous solutions), so ionizing irradiation of viruses is less effective in 

high protein-content substances [5]. Considering the radiation-generating machines, few studies have 

addressed its efficiency and mechanisms on the inactivation of waterborne virus. The intended purposes of 

this study are to provide new insights on the inactivation of enteric viruses by e-beam and to introduce new 

concepts on the utility of radiation technologies as effective tools to guarantee the reduction of viral 

pathogens, being the focus of the presented study the inactivation of adenovirus. 

2. RESULTS AND DISCUSSION 
The inactivation of human adenovirus type 5 (HAdV-5) by e-beam in two different substrates (Phosphate 

buffered saline - PBS and domestic wastewater - WW) was tracked using four methods: plaque assay to 

assess the virus infectivity, long-range PCR to evaluate genome degradation, enzyme-linked 

immunosorbent assay (ELISA) and western blot to estimate viral capsid antigenicity alterations. 

Suspensions of HAdV-5 at a concentration of 107 PFU/mL were prepared in PBS (buffer for cell culture 

applications) and on autoclaved domestic wastewater (collected before tertiary treatment at a municipal 

wastewater treatment plant, Barreiro, Portugal). Samples (5 mL of virus suspension in a 25T flask) were 

irradiated at room temperature at doses from 3 to 21 kGy at an average dose rate of  25 kGy/h in a linear 

electron-beam accelerator (LINAC, adapted from GE Saturne 41) with an energy of 10 MeV (C2TN, 

Portugal). For inactivation efficiency comparison purposes, virus samples were subjected to other 

treatments, such as autoclaving (121 °C and 100 kPa for 15 min) and UV radiation from a germicidal lamp 

(254 nm) during 15 minutes. 

2.1. HAdV-5 Infectivity assessment 

The inactivation response of the target virus in the two substrates (PBS and WW) was defined through the 

evaluation of the surviving fraction titer (Figure 1) based on the plaque assay method using A549 cells [5].  

HAdV-5 followed a linear inactivation kinetics to electron beam radiation, indicating a titer reduction at 5 

kGy of 2 Log PFU/ml and 1 Log PFU/mL on PBS and wastewater, respectively. Increasing the treatment 

dose to 13 kGy, the virus titers decreased 4 Log PFU/ml and 3 Log PFU/mL on PBS and wastewater, 

respectively. After the autoclaving treatment, it was not detected infectious viral particles in any substrate. 

The superficial treatment with UV radiation reduced the viral titer by 2 Log PFU/mL in both matrices. 

These results highlight the radioresistance of the virus, and suggested that the substrate where the virus is 

suspended, could influence the virucidity of electron beam irradiation. HAdV-5 indicated to be more 

resistant to e-beam in wastewater than in PBS. As previously verified for gamma radiation [5], the virucidal 

effect of electron beam seems to be impaired by scavengers in organic loaded substrates (as wastewater 

with a COD of 76 mg O2/L) that could hijack free oxygen radicals, but this substrate effect was not verified 

on the other treatments. Among the tested physical disinfection methods, autoclaving proved to be the most 

efficient on the inactivation of HAdV-5 (with no infectious particles detected). To attain a disinfection 

efficacy of 4 Log titer reduction (99.99%), e-beam radiation doses higher than 13 kGy should be applied.  

At the tested conditions UV radiation shown low virucidal potential, which was an expected result due to 

the recognized resistance of HAdV-5 to UV [5]. 



 
 

 

FIG 1. Titer of HAdV-5 in two different substrates, PBS (black squares) and wastewater (grey triangles), 

after treatment with different doses of electron beam radiation (kGy), autoclaving (T) and UV radiation 

(UV). Three independent assays were performed for each condition. Error bars correspond to the standard 

errors about the mean values. 

 

In order to characterize organisms by their radiation sensitivity, the D10 value is used, which is defined as 

the dose required to inactivate 90% of a population, or the dose of irradiation needed to produce a 1 Log 

reduction in the population. This value can be calculated by the reciprocal of the slope of the regression 

linear model of the survival curve. The calculated D10-values by e-beam of HAdV-5 in both analysed 

substrates are presented in Table 1.  

 

Table I. D10-values (kGy) by e-beam for Human Adenovirus (HAdV-5) suspended in Phosphate 

buffered saline and domestic wastwater. 

   

SUBSTRATE pH COD (mgO2/L) 
HUMAN ADENOVIRUS 

(HADV-5)* 

Phosphate buffered saline (PBS) 7.2 < 50 3.0 ± 0.1b 

Wastewater (WW) 5.8 76 4.0 ± 0.1a 

* Different lower case letters differ significantly (P < 0.05). 
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The calculated D10-values of HAdV-5 were 3 kGy for PBS and 4 kGy for wastewater. The performed 

statistical analysis of survival curves using the parallelism test indicated that the D10-values of human 

adenovirus in PBS and WW were significantly different (P < 0.05). Since part of the effect of ionizing 

radiation on a microorganism is due to indirect action mediated through radicals, the nature of the medium 

in which the microorganisms are suspended could play an important role in determining the dose required 

for a given biocidal effect. The more complex the medium, the greater is the competition by its components 

for the radicals formed by irradiation within the cell, thus “sparing” or “protecting” the microorganisms, 

since microorganisms and chemical species are dynamically inter-dependent. The tested enteric virus point 

out to be significantly more sensitive suspended in water solutions as PBS (radiosensitizing substrate) than 

in organic solutions as wastewater (radioprotective substrate). This fact identify the organic content as a 

protective agent in the inactivation of human adenovirus by electron beam, which effect was also previously 

cited for the inactivation of enteric viruses by gamma radiation [5]. 

2.2. Effect of e-beam irradiation on HAdV-5 capsid proteins antigenicity 

A methodologic approach based on molecular biology methods, namely western blotting and ELISA, has 

been implemented to characterize the effects of the treatments on viral capsid proteins 

abundance/degradation. In the western blotting method, a polyclonal antibody anti-adenovirus was used to 

estimate which specific proteins could be recognized after the different treatments and which ones were 

potentially degraded (Figure 2). 

 

 

FIG 2. Representative western blotting, with Goat anti Adenovirus Polyclonal IgG as primary antibody and 

Rabbit Anti Goat IgG as secondary antibody, of Human Adenovirus type 5 suspension in PBS (A) and 

wastewater (B) after e-beam irradiation at several doses, autoclaving and UV radiation. A non-treated 

sample was used as control. Detection was made using a colorimetric detection kit. M – Molecular mass 

marker. HAdV structural capsid proteins are represented: hexon (pII; 108 kDa); penton base (pIII; 68 

kDa); fiber (pIV; 62 kDa). 
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The 240 trimers of hexon (pII) represent the most abundant capsid component. Pentons occupy the 12 

vertices of the icosahedron. Each penton is composed of a trimeric penton base (pIII) with a protruding 

trimeric fiber (pIV). The classical cell entry and trafficking pathway of HAdV5, as demonstrated by 

epithelial cell models of adenoviral infection in vitro, consists of (i) the fiber (pIV) binding to, the Coxsackie 

B and Adenovirus Receptor (CAR), followed by (ii) the interaction of penton base (pIII) motifs with the 

cellular integrins, which promotes virus endocytosis into clathrin-coated vesicles. In step (iii), partially 

uncoated HAdV5 particles are released from the early endosomal compartment into the cytosol. [6] 

The obtained results indicated a decrease of the intensity of polypeptide profile with the increase of e-beam 

irradiation dose, which could indicate alteration/degradation of HAdV-5 capsid proteins. For higher 

irradiation doses (>13 kGy) the effect of substrate was also observed, since the polypeptide profile of virus 

suspended on PBS was less intense than the one obtained from wastewater suspension. The hexon protein 

(pII), the most abundant on adenovirus capsid, point out to be the most radioresistant protein once it was 

detected in all e-beam treated samples (at 21 kGy with lower intensity/abundance). Regarding the other 

treatments, for UV radiation it was attained a similar polypeptide profile to non-treated sample, suggesting 

that the performed surface treatment don’t have the capability to affect the adenovirus capsid proteins, 

independently of the suspension substrate. On the contrary, autoclaving was able to induce the degradation 

of the adenovirus capsid proteins (different polypeptide profile from degradation products with lower 

molecular weights), although it was observed the recognition of fiber (pIV) protein. 

Considering virus structure, the obtained data suggest that the viral infectivity decrease observed after e-

beam treatment at doses higher than 13 kGy, can be related with the alteration/degradation of penton base 

and fiber, proteins that play a crucial role on virus cell entry. In turn, the absence of infectivity after 

autoclaving can be correlated with the loss of virus integrity since the hexon, major virus structural protein, 

was not recognized after treatment, indicating its degradation/alteration. UV radiation treatment should 

have other mechanism for virus inactivation (e.g. genome degradation) that justifies the observed capsid 

integrity and the loss of infectivity detected by plaque assay. Western blotting is a qualitative technique and 

plaque assay a quantitative one, both with different sensitivities, which difficult the correlation of results. 

However, it must be highlighted that e-beam irradiation affects adenovirus structural capsid proteins, which 

might be reflected on less infectivity.   

ELISA technique targeting hexon major protein was other approach performed to understand the potential 

alteration on adenovirus capsid by the treatments.  

ELISA results (Figure 3) are in agreement with the ones obtained by western blotting, the e-beam treatment 

for doses from 13 kGy and autoclaving alter hexon protein, in opposition to UV radiation that have no effect 

on hexon protein.      

2.3. Effect of e-beam irradiation on HAdV-5 genome 

In order to deepen the mechanisms of antiviral effect of e-beam radiation, a long-range PCR method [7] 

was applied to estimate the genome damage to human adenovirus 5 caused by irradiation and other applied 

treatments. The effectiveness of PCR to determine DNA damage will depend on the length of DNA that is 

analysed, in which a PCR analysing long fragments will have more probability to detect damage in the 

DNA than PCR analysing a short fragment [7]. Two sets of primers were designed to verify the region 

between the 17.8 and 27.8 kb of the HAdV-5 genome. The primers sets intended to amplify fragment sizes 

of 1.1 kb and 10.1 kb. Suspensions of human adenovirus type 5 in PBS and wastewater were treated and 

subsequently the DNA was extracted and subjected to the two PCR reactions, each one with a different set 

of primers. The obtained results are presented in Figure 4.  



 
 

 

FIG 3. Qualitative detection by ELISA using a monoclonal antibody to the hexon antigen o f 

human adenovirus type 5 suspensions on PBS (black bars) and wastewater (grey bars) after 

treatments with different doses of e-beam radiation (3 kGy, 5 kGy, 13 kGy and 18 kGy), 

autoclaving (T) and UV radiation (UV). Bars represent the relative percentage to control HAdV-

5 antibody binding. Error bars correspond to the standard errors about the mean values. *, 

negative result according to the manufacturer’s instructions.  

 

The product of 1.1 kbp was amplified in all e-beam treated samples, but it was not detected from autoclaved 

and UV-treated samples, regardless of the substrate. The amplification of the 10.1 kb fragment was 

inhibited for e-beam treated samples at doses higher than 3 kGy for PBS, and at doses higher than 5 kGy 

for wastewater, denoting a substrate effect on HAdV-5 genome degradation by e-beam. 

For autoclaved and UV-irradiated samples the long amplification fragment was also not amplified, which 

suggest that viral genome degradation could be the mechanism of inactivation by UV radiation, and 

potentially a consequence of the disassembly of viral capsid by autoclaving. The HAdV-5 inactivation by 

e-beam irradiation can be considered an additive effect of genome and capsid proteins degradation. This 

hypothesis was considered since for the PBS substrate after treatment at 5 kGy (2 Log reduction on viral 

titer) the western blotting still detects the viral structural proteins but the long genome fragment (10.1 kbp) 

amplification is not observed; however for the PBS samples irradiated at 13 kGy (4 Log reduction on viral 

titer), the 10.1 kbp genome fragment is still not detected as well as the capsid proteins implied in the cell 

entry, indicating an additional effect from capsid alteration to genome degradation on viral inactivation.  

PCR such as western blotting is a qualitative technique, and as previously mentioned, the correlation with 

the quantitative plaque assay is not direct due to differences among sensitivities.  

Nevertheless, the results underlined that e-beam irradiation have the ability to induce the degradation of 

HAdV-5 genome, supposedly in fragments higher than 1100 bp, since for all applied radiation doses that 

genome fragment was amplified. 
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FIG 4. Agarose gel electrophoresis of amplification products (arrows, 1.1-kbp left image, and 10-kbp right 

image) by Long Range PCR of DNA extracted from human adenovirus type 5 suspensions on PBS (A) and 

wastewater (B) after treatments with different doses of e-beam radiation (3 kGy, 5 kGy, 13 kGy and 19 

kGy), autoclaving (T) and UV radiation (UV). Marker – 1 kb Plus DNA ladder; (C-) negative protocol 

control.  
 

3. CONCLUSIONS 

The e-beam irradiation demonstrated virucidal action against human adenovirus with an inactivation 

efficiency of 99.99% (4 Log titer reduction) at a dose of 13 kGy, comparing to a 99% efficiency of UV 

radiation (used as tertiary treatment in wastewater treatment plants). Autoclaving demonstrated to be the 

most effective (100%) process on the inactivation of human adenovirus. 



 
 

The obtained data also supported our previous studies [5] by indicating that the substrate in which the virus 

is present have an impact on its sensitivity to ionizing radiation, highlighting the scavenging of reactive 

species by organic materials. Further, we also detected a substrate effect on the antigenicity assessment 

targeting structural proteins of human adenovirus capsid and on the viral genome degradation for e-beam 

radiation doses ≥ 5 kGy.  

Regarding the inactivation mechanism of human adenovirus by e-beam irradiation, it was proposed an 

additive effect of genome and capsid proteins degradation. In turn, the UV radiation seems mainly to 

degrade de adenovirus genome, and autoclaving to disrupt the virion structure. 

Summing up, e-beam may be an effective tool to guarantee the reduction of viral pathogens and to 

contribute to public health and sustainable water supplies. 

Studies were initiated to assess the inactivation by e-beam of other virus of public health concern: hepatitis 

A virus. 
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Abstract 

Electron beam treatment is a well-founded and proven method of neutralizing bio-hazardous pollutants in wastewater. 
However, the practical applicability a nd economic efficiency of the method remains the subject of discussion due to 
the high cost of accelerators and their relatively low power. From a technological point of view, the possibility of 

using modern accelerators for treating effluents with an electron beam at a flow rate of more than 20,000 m3 per day 
is being considered. The equipment of an accelerator with several accelerating tubes is compared with a multi-window 

arrangement based on one accelerator tube. Evaluation calculations show the possibility of irradiating up to 213,000 

m3 per day with a single accelerator.  

1. Introduction  

Upgrading the DC accelerators is subordinated mainly to the requirements of profitable radiation- 
chemical technologies for polymer modification, requiring relatively  high absorbed doses and 
conveyor movement of materials [1-3]. Modern DC accelerators are characterized by a high 
coefficient of conversion of the electric power into the electron beam power (above 80%). In turn, 

the modernization of radio frequency accelerators is mainly determined by the needs of industrial 
sterilization [4, 5], which is also based on the use of conveyor systems.  

Water treatment does not promise commercial success, therefore, little attention is paid to 
accelerators suitable for large-scale wastewater treatment and, accordingly, their arrangement is 

hardly optimal. Compared to polymer modification and sterilization of solid materials, electron 
beam treatment of effluents requires significantly lower doses (usually from 0.5 to 5 kGy) and 
higher flow rates. Large enterprises produce tens and hundreds of thousands of cubic meters of 
wastewater per day, and large cities (for example, Moscow) discharge millions of cubic meters of 

wastewater per day. Accordingly, the equipment for electron beam treatment must correspond to 
the scale of the generation of effluents and, therefore, requires more powerful accelerators and 
more efficient reactors.  

The problem of neutralizing biologically hazardous impurities in water is steadily exacerbating. 

Increasingly, wastewater contains impurities that are resistant to conventional water treatment 
methods. Electron beam treatment is a well-founded and proven method of neutralizing 
biohazardous pollutants in wastewater [6-8]. Radiolysis intermediates have higher redox potentials 
compared to conventional chemicals used in water treatment (Fig. 1a). Radiolytic intermediates 

are capable of transforming or cleaving functional groups and, thereby, neutralizing pollutants. 
Moreover, radiolysis, depending on the conditions, may be suitable for both oxidative and 
reductive degradation of biohazards. Also, fairly simple methods for the mutual conversion of 
radiolytic oxidizing agents and reducing agents have been developed (Fig. 1b).  



 
 

   

FIG. 1. Standard redox potentials  of water radiolysis products and some reagents (a); the main 
processes of interconversion of water radiolysis products (b). 

 

FIG. 2. Relative position of accelerator and effluent 

However, the practical applicability and economic efficiency of the method remains the subject of 

discussion due to the high cost of accelerators and their relatively low power [9-11]. Accordingly, it 
becomes more obvious the need to improve equipment for highly efficient electron-beam treatment of 

effluents. This work provides a technological point of view on the possibility of large-tonnage treatment of 

effluents using electron accelerators.  

2. Layout under consideration  

This work considers the irradiation of an effluent formed into a wide high-speed jet under a vertical electron 

beam (Fig. 2). The most important accelerator parameters necessary for developing an electron beam 

installation are: beam energy E, beam power M (determined by the product of the beam current by E), 
dimensions of the beam window (determined by the current density), beam scanning frequency, and beam 

direction (vertical or horizontal). These parameters are used to determine the width B of the water f low in 

the irradiation area, the linear velocity υ of water, the penetration depth R (range) of electrons into the 

water, the distance h, and the achievable dose D.  

The configuration of the accelerator and its position relative to the flow of water play a key role in the 

performance of the electron-beam installation. The electron beam is extracted through a beam window 
made of metal foil. The foil separates the vacuum chamber of the accelerator from atmospheric air. 



 
 

Undoubtedly, matching the parameters of the electron beam with the parameters of the water flow is the 

main task in the design of the electron-beam treatment unit.  

 

3. Water flow parameters  

Most pilot plants were based on beam energy E about 1 MeV [8-14]. The accelerator is the most 
expensive element of the installation, and the beam energy is the most significant factor in the 
pricing of the accelerator. Therefore, the choice of low energy is due to the desire to reduce the 
cost of installation. At the same time, Е =1 MeV causes technological difficulties due to the low 

penetrating ability of such electrons. In particular, the practical range of electrons in water at E = 
1 MeV is only R = 4.37 mm. Such a low range is acceptable, first of all, for irradiating the effluent 
in the gravity flow mode, when the effluent can be intensively mixed mechanically or by bubbling. 
But the gravity flow, whose linear velocity is υ = 0.5-0.7 m/s, is unsuitable for large-tonnage flow 

treatment. The highest productivity of electron beam treatment could be achieved by irradiating a 
high-speed jet (Fig. 2), where υ = 1.5 m/s. However, the small thickness of the jet, corresponding 
to the small range of the electron, is fraught with a high probability of clogging of the nozzle 
forming the jet, the unevenness of the water velocity along the jet width, the instability of the jet 

thickness due to the abrasive effect of suspended particles on the nozzle, etc. Thus, increasing the 
energy of the beam and, thereby, increasing the range of the electron seems to be preferable from 
a technological point of view.  

In addition to productivity, the linear velocity υ of the jet (Fig. 3) determines the distance h between 

the beam window and the water jet, as well as the location of the water nozzle relative to the 
extraction device of the accelerator. At υ = 1.5 m/s, the angle between the water flow and the 
electron beam (inset in Fig. 3) is acute and, therefore, the effective water thickness d along the 
beam direction is greater than the range R. To avoid this, the initial thickness of the slow jet d 

should be proportionally less than R, which again is fraught with technological inconveniences.  

 

FIG. 3. The influence of the initial linear velocity υ on the trajectory of a jet of water in air. The 
insert shows the difference in angle between the beam (red arrows) and the jet (blue stripes) at 
(a) high and (b) low υ.  



 
 

The beam energy E in DC accelerators does not exceed 5 MeV. Accordingly, a further increase in their 

power M can be achieved mainly by increasing the beam current I, since M = EI. Today, a large total beam 
current is used in 1 MeV accelerators, such as ELV-12 [15, 16] and Electron-23 [17], whose power reaches 

400-500 kW. The estimated productivity of one such accelerator (E = 1 MeV, M = 500 kW) when treating 

river water with a dose D = 0.5 kGy could be 5700 m3/h. But practically such a performance cannot be 

achieved due to the limited throughput of the reactor. The realistic velocity of the jet subjected to irradiation 

does not exceed 5 m/s. A higher velocity is risky from a technological point of view due to the high 
probability of splitting the jet, irregularity of irradiation (mismatch between jet speed and beam scanning 

frequency) and excessive abrasive effect of suspended impurities on the water nozzle. In the case υ = 5 m/s, 

the flow rate of 5700 m3/h corresponds to 34 m total jet width. However, uniform irradiation of such a wide 

jet by means of a single beam seems incredible. In practice, the length of the beam window L is up to 2.4 

m (for example, in the Electron-23 accelerator [17]) and, therefore, the width of the irradiation area cannot 

exceed about 2.5 m. Thus, a jet 34 m wide requires the use of at least 14 beams in one accelerator, or 14 

single-beam accelerators. This is a very large number.  

The total width of the water jet B (m) can be calculated by the equation [11]:  

B = 0.1Mf/ υDR
 
(1)  

where M – beam power (kW), f - the fraction of the available radiation energy absorbed by water being 

irradiated (in this paper, it is assumed that f = 0.75), D – dose (kGy), υ - linear velocity of water (m/s), and 
R – range of electrons (cm). The beam energy E is taken into account implicitly using the electron range R. 

Fig. 4 shows the calculation results according to equation (1) for 1 and 2.5 MeV. The right side of the Fig. 

4 indicates the number of beam windows corresponding to the total absorption of power in the effluent. 

Obviously, the total width of the jet B and, accordingly, the number of beam windows required decreases 

with increasing dose D. However, 1 MeV accelerator must have more than one beam window even at D = 

4 kGy. Thus, higher beam energy is more convenient from a technological point of view, since it provides 
a larger range of electrons R and, accordingly, allows to irradiate a larger flow of water using fewer beam 

windows (Fig. 4).  

 

4. Irradiators having multiple accelerating tubes (Multi-tube arrangement, MTA)  

The design of accelerators may include several accelerating tubes and, accordingly, several extraction 

devices [16, 18]. The tubes are fed by a rigid feeder from one high voltage generator (HV).  

 
FIG. 4. The effect of power M and dose D on the required total width B of water jets (υ = 5 m/s) 
at 1 (a) and 2.5 (b) MeV. The right side shows the required number of beam windows (2.5 m jet 
width).  



 
 

A three-phase transformer-rectifier with a closed magnetic core and parallel feeding of cascades can be 

used as a HV generator. Such a high-voltage source has a wall-plug-efficiency higher than 90% and 
practically no restrictions on power. Below, an accelerator arrangement comprising several accelerating 

tubes will be referred to as a multi-tube arrangement (MTA). For example, the ELV-12 accelerator with 1 

MeV energy [15] belongs to the MTA, since it has 3 parallel accelerating tubes and, accordingly, 3 beam 

windows (Fig. 5). The total radiation power reaches 450 kW and consists of three beams of 150 kW each. 

ELV-12 was first successfully used as an irradiator in a demonstration plant for treating textile wastewater 

in an industrial dyeing complex in Daegu, Republic of Korea [12, 19].  

As a rule, the design of the beam window is calculated for a working current density of not higher than 100 

μA/cm2 
in order to avoid overheating and melting of the foil. The electron beam continuously moves along 

the foil (scanned) to ensure proper cooling of the foil along the path of the beam (using air and/or liquid 

refrigerant). A beam window can consist of longitudinal frame sections, which makes it possible to increase 

the total foil area, the total beam current and window life, as well as simplify the irradiation technology. 
Accordingly, the electron beam is sequentially scanned along each section. For example, each beam 

window in the ELV-12 accelerator (L = 1600 mm) has two parallel sections 75 mm wide. Due to this, the 

accelerator at the installation in Daegu [15, 16] provided the ability to irradiate two oncoming jets (υ = 2.5 

m/s) instead of one jet (υ = 5 m/s). In the Electron-23 accelerator, one beam window (L = 2400 mm) consists 

of four longitudinal sections 60 mm wide.  

 

  
FIG. 5. Multi-tube arrangement of the ELV-12 accelerator  

Undoubtedly, the distribution of power between several accelerator tubes, embedded in the MTA, 
corresponds to the task of creating powerful accelerators. However, it is obvious that several parallel 

accelerating tubes cause the bulkiness of both the accelerator and the under-beam equipment. Each 

accelerating tube must be coordinated with a separate reactor, which leads to an increase in the consumed 

area. In addition, the MTA layout gives rise to the complexity of accelerator maintenance and the 

complexity of the water supply system.  



 
 

 

5. Irradiators having several beam windows (Multi-window arrangement, MWA)  

The design of the accelerator can be based on the use of several beam windows with one accelerating tube 

(hereinafter - the multi-window arrangement or MWA). This arrangement may be considered as a more 
compact alternative. MWA accelerators are also used in practice, for example, the Electron-10 accelerator 

(Efremov NIIEFA, [20]), whose beam is distributed between two windows (Fig. 6a), as well as the Electron-

17 accelerator [21], where one accelerating tube gives an electron beam for 4 beam windows (Fig. 6b).  

Several beam windows with one accelerator tube can provide both compactness and high power of the 

accelerator. For example, a MWA accelerator could have one accelerator tube and 8 beam windows [11] 

(Fig. 6c), designed for a standard current density. Designers believe that the creation of such an accelerator 
can meet more financial obstacles than technical ones. Today there are examples of using one accelerating 

tube with a beam current of 0.5 A (Electron-23) and 0.8 A (Torch) [17, 22, 23]. MWA makes it possible to 

use simpler under-beam equipment. For example [11], water could be irradiated in the form of an annular 

vertical jet or horizontal jets moving along the walls of a concrete cylindrical chamber surrounding a multi-

window extraction device (Fig. 7).  

The circumference of the concrete chamber can be 9.4 - 12.6 m in the case of a vertical direction of the 

annular flow of water along the cylindrical walls. Hypothetically, at a beam current of 100 mA in each 

window (100  8 = 800 mA), a 1 MeV MWA accelerator makes it possible to process up to 38 thousand 

cubic meters per day, and a 5 MeV MWA accelerator can irradiate up to 213 thousand cubic meters per day 

(in case of horizontal direction of jets) [11]. The beam current I = 100 mA in each window is suitable for 
relatively low absorbed doses - from 1.2 to 2.9 kGy. However, the dose can be increased by increasing the 

beam current. The windows shown in Fig. 6c are quite wide and, therefore, need to be strengthened. For 

example, it is advisable to use 4 longitudinal frame sections in each window. In this case, the beam current 

can be 50-75 mA in each section, that is, the total current in each window can reach 200-300 mA. Such a 

current corresponds to a higher accelerator power M and, correspondingly, a higher absorbed dose D - from 

3.7 to 8.8 kGy [11].  

 

FIG. 6. The distribution of the electron beam (arrows) between 2 (a), 4 (b) and 8 (c) beam windows  

    



 
 

 
FIG. 7. The scheme of electron beam treatment using the MWA accelerator  

6. Economical Analysis  

Undoubtedly, one powerful MWA accelerator will occupy a much smaller area than one or more MTA 

accelerators of the same total power. In particular, space savings can serve as an incentive to use a more 

expensive accelerator with higher energy (which is preferable in terms of performance and technological 

advantages).  

Economic estimates of the electron beam treatment of an effluent are usually based on a linear dependence 

of the cost of the accelerator C on the beam energy E. The linear dependence has been involved for many 

years and, in particular, it is suitable for estimating the cost of MTA accelerators. However, the linear 

dependence is justified for serial accelerators of low power (up to 150 kW), as well as for non-serial models 

of powerful accelerators. But some accelerator manufacturers use the dependence C ~ E
1/2 

M
1/4

. 
Moreover, a discussion with accelerator developers showed that the realistic cost of powerful (> 1.5 MW) 

1 MeV accelerators, provided they are mass-produced, can be no more than 1200 US dollars per 1 kW. 

Undoubtedly, the first few copies of the new accelerator model are expensive, but with mass production the 

model becomes cheaper.  

Undoubtedly, the accelerator becomes more cumbersome with increasing beam energy and beam power. 
The specific metal consumption for the manufacture of low-power accelerators, as well as for MTA 

accelerators, is the largest. Undoubtedly, MWA accelerators, consisting of fewer parts, should cost less 

than MTA. The author believes that the upper limit of the cost of serial MWA accelerators can be estimated 

by the equation (C – [1000 USD]; E – [MeV]; M – [kW]):  

C = 185 E
0.75 

M
0.38

 (2)  

Thus, from a technological point of view, the MWA can serve as a prototype of technical solutions that 

ensure the creation of compact, economical and productive installations for electron beam treatment of bio-

hazardous effluents.  



 
 

8. Conclusions  

The future scale of the introduction of electron beam neutralization of bio-hazardous effluents depends 

primarily on progress in the development of powerful electron accelerators. Even the "greenest" electron 

beam treatment, which, however, requires several tens or hundreds of expensive accelerators, scares 
potential consumers. In turn, projects using 3-10 accelerators for several million cubic meters of effluent 

per day are perceived much more favorably. Accordingly, both higher beam energy and the  

multi-window arrangement of accelerators should be seriously considered in the next projects in order to 

achieve progress in the field of waste treatment. The scale of the bio-hazardous wastewater treatment market 

is many times higher than that of the radiation modification and sterilization market. Accordingly, the bio-

hazardous effluent treatment market may become the main consumer of radiation equipment with almost 

unlimited commercial opportunities.  
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Abstract 

The amount of antibiotics in wastewater as well as drinking water has increased concern about their potential effects 

on the environment. Large amounts of antibiotics present in rivers eventually cause disturbance of the ecosystem and 

cause various environmental problems, including the generation of antibiotic resistant microorganisms. The 

conventional wastewater treatment system did not work properly, since a lot of antibiotics were found in ground 

waters, stream, and so on. These led us to develop a new technique for the removal of antibiotics. This study was 

conducted to find out the possibility for degradation of antibiotics (pa nmycin, doxycycline hyclate, rifampicin, 

gatifloxacin, and sparfloxacin) using gamma irradiation. The result showed that the all substances, tested, were 

completely degraded at the dose below 50kGy depend on the substances by gamma irradiation indicating that ionizing 

irradiation might be an effective method for the removal of antibiotics.  

1. Introduction 

As the increased the demand for meat, the agricultural industry including livestock has turned to increased 

antibiotic usage for both prevent to sickness and promote their growth. Recently, it is estimated that up to 

80% of antibiotic usage in the United States is derived from agriculture alone [1]. The introduction of 

antibiotics into soil, surface water, and groundwater can cause the serious problems such as developing 

mutagenic multi-antibiotic resistant viral, bacterial and fungal strains. In addition to developing antibiotic 

resistant pathogens, it can be accumulated in the tissues of wild animals [2]. Furthermore, the antibiotics 

also could not be removed naturally once introduced into the environment, since antibiotics were usually 

quite stable. For example, sulfonamide can persist in the environment for long period of time after 

introduction into the environment [3, 4]. In order to solve these problems, many studied have been done to 

develop an advanced degradation technology. Some methods have been developed [5, 6], however, new 

concerning was raised that incomplete process could be led furthermore environmental contamination. In 

this respect, a new advanced technology was required to degrade the antibiotics perfectly to make a clean 

environment.  

Gamma irradiation was a well-developed and frequently used technique for sterilization of several 

pharmaceuticals products as well as food [7, 8]. The sample is subjected to high-energy photons that results 

in free radical generation and ionization of chemical bonds. This has to ensure that there is no any residues, 

increased penetration power, and attenuation of high temperature [9]. And also several studies reported that 

gamma irradiation of 25kGy seems to be an appropriate dose for sterilization purposes and elevated dose 

more than that exhibited product degradation and release of free radicals that resulted to product alteration 

[10, 11]. Although the exact mechanism by which gamma irradiation degraded the chemical substances 

was known, it could be a result of gamma radiolysis of water and ethanol. In brief, water molecules were 

converted immediately into various molecules and radicals, such as hydrogen peroxide, hydroxyl ion, 

superoxide radical anion, molecular hydrogen, and so on [12]. These molecule produced might be capable 

of degradation of chemical substances.  



 
 

Gamma radiation technique has been used for sterilization. Despite of previous reports have shown that 

sterilization of various microorganism [13-15] as well as other chemicals like ciproflaxin, thiamphenicol 

and fluoroquinolones [16-18], less is known about degradation of chemical substances.  

Therefore, the aim of the current study is to investigate the effect of gamma irradiation on the degradation 

of the antibiotics. 

2. Material and Method 

 

2.1. Reagent 

Panmycin, doxycycline hyclate, rifampicin, gatifloxacin, and sparfloxacin were purchased from Sigma-

Aldrich (St. Luis, Mo, USA). 1g of substance was dissolved in a liter of methanol to final concentration of 

1g/L. 

2.2. Gamma irradiation 

The samples were exposed to gamma rays usinga a gamma irradiator (Cobalt-60, 150 TBq of capacity; 

Atomic Energy of Canada Limited, Ontario, Canada) from 10 to 50 kGy in the Korea Atomic Energy 

Research Institute (KAERI;Jeongeup,Korea). The irradiated samples were then stored at 4°C until use.  

2.3. High-performance liquid chromatography (HPLC) analysis 

The HPLC system consisted of an Agilent 1260 series solvent delivery system, and UV-detector coupled 

with a C18 column (YMC-Triart C18, 250 × 4.6 mml.D., 250 mm). The samples were eluted with a linear 

gradient from 100% solvent A(0.1% formic acid in water) and 0% solvent B(100% acetonitrile) to 50% 

solvent A and 50% solvent B over 20 min. The gradient was then changed to 0% solvent B over a 40 min 

period at a flow rate of 1ml/min. The fractions were detected at 220 nm. 

3. Results 

We have selected antibiotics to test based on the usage in industry and their structures. Panmycin and 

doxycycline were belonging to tetracyclin family, and rifampicin also known as rifampin, was an antibiotic 

used to treat various bacterial infections, and gatifloxacin and sparfloxacin were an antibiotic of the fourth-

generation fluoroquinolone family. All chemical structures of antibiotics tested were shown in FIG 1. We 

have tested whether or not the antibiotics could be degraded by gamma irradiation up to 50kGy. 

 



 
 

 

FIG 1. The chemical structures of antibiotics tested 

As the result, all antibiotics tested were broken down by gamma irradiation up to 50kGy depend on their 

structures (FIG 2). The fourth generation of antibiotics, gatifloxacin and aparfloxacin, were degraded at the 

dose of 25kGy with gamma irradiation. Rifampicin was required lowest dose of gamma irradiation, 10kGy, 

to be broken down. Dose of 50kGy and 25kGy gamma irradiation were enough to degrade panmycin and 

doxychcline hyclate, respectively.  

 



 
 

 

 

FIG 2 The HPLC profiles of antibiotics before(left panel) and after(right panel) exposed by gamma 

irradiation. Panmycin(A), doxycycline hyclate(B), rifampicin(C), gatifloxacin(D), and sparfloxacin(E)  

 

 



 
 

4. Discussion 

 

We have used ionizing radiation, especially gamma irradiation, to decompose the antibiotics. In order to 

do, an analysis method was established first and the analysis was carried out according to the method. As a 

result, we identified differences in the sensitivity of ionized gamma rays to the seven antibiotics. This means 

that the strength of the ionized radiation varies depending on the structure of the antibiotic for the 

decomposition of antibiotics. Based on these results, it is considered necessary to test the level of breakdown 

of the entire line of antibiotics other than antibiotics that have already been tested. Research is under way 

where the source of the latest ionized radiation seeks to move the line from gamma rays to the telegraph. 

Accordingly, research on the decomposition of individual antibiotics should be carried out using the electric 

field in the future. Through this study, we make a method for effectively disassembling waste water or 

antibiotics contained in rivers, which can be used as basic data for environmental cleanup. In addition, over 

the years ionizing irradiation technology has been used mainly for several applications using gamma 

radiation. However, the concerns were raised regarding the safety and security of radioactive sources such 

as Cobalt-60, which led us to use machine based electron beam radiation sources in the future. To expand 

the applicability of machine generated irradiation technology for reducing bio-hazards, fundamental 

research has to be done to remove bio-hazardous materials such as anti-biotics using E-beam in near future. 
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Abstract 

The main objective of this study is evaluating the effect of irradiation by electron beam (EB) on naturally occurring 

pathogenic bacteria and bacteriophages in health care wastewater. We examined the susceptibility of indicator 

bacteriophages towards electron beam irradiation to evaluate their appropriateness as viral indicators for health care 

wastewater quality control. The effects of EB irradiation on naturally occurring somatic coliphages, F-specific 

coliphages and bacteria were examined in wastewater collected from a hospital in the downtown. Preliminary results 

showed: 

• Healthcare wastewater is a rich matrix containing pathogenic waterborne viruses and bacteria, as well as 

antibiotic resistant bacteria. 

• After EB irradiation, naturally occurring bacteria in healthcare wastewater showed lower resistance patterns 

as obtained after gamma irradiation 

• Bacteriophages isolated from healthcare wastewater showed the same resistance patterns as those previously 

obtained in urban treated sewage and were inactivated using higher doses and were far more resistant than 

bacteria.  

• Spores of Clostridium perfringens were the most resistant microbes to EB irradiation as obtained by gamma 

irradiation. 

• Our results corroborate the use of bacteriophages to survey the viral quality of healthcare wastewater before 

their discharge in the urban sanitation network.  

 

1. Introduction 

According to the World Health Organization, every year there are 2.2 million deaths related to unsafe water, 

sanitation and hygiene, and millions more suffer multiple episodes of non-fatal diarrhea [1]. A large amount 

of pathogens can be released in aquatic environments and viruses can resist to wastewater treatment process 

and environmental stressors [2]. Generally, viruses are more resistant to physical, chemical and biological 

treatments than bacterial pathogens. Recently, the World Health Organization revealed that of the total 

amount of waste generated by health-care activities, about 85% is general, non-hazardous waste comparable 

to domestic waste. The remaining 15% is considered hazardous material that may be infectious, chemical 

or radioactive [5]. However, health-care waste is often not separated into hazardous or non-hazardous 

wastes in low-income countries. In Tunisia, each year around 20,000 tons of wastes are generated by health 

activities, of which 40% are high risk for health and the environment [6]. Healthcare wastes are 

contaminated by the most virulent germs and pathogenic bacteria. Treatment and disposal of healthcare 

waste may pose health risks through the release of pathogens, mainly hepatitis B and hepatitis C viruses 

and toxic pollutants into the environment [7]. A joint WHO/UNICEF assessment found that just over half 

(58%) of sampled facilities from 24 countries had adequate systems in place for the safe disposal of health 

care waste [8]. According to the treatment studies of medical wastes, about 59–60% of medical wasted are 

treated through incineration, 37–20% by steam sterilization, and 4–5%by other treatment methods [9]. 

Disinfection treatment of hospital and healthcare wastes in Tunisia is currently done by incineration. This 

process emits toxic air pollutant which constitutes a serious human health risk. Moreover, health care 



 
 

wastewater is not subject to specific treatment. Wastewaters generated from healthcare practices (in 

hospitals and clinics) are rejected in urban sanitation system directly. Increased interest in recent years has 

focused in alternative disinfectants. In fact, irradiation treatment with ionizing radiation has proven to be a 

powerful tool in inactivating human pathogenic microorganisms in water, wastewater, sludge, food and 

medical products [10, 11]. Several pathogenic microorganisms and viruses are resistant at high dose rates 

of gamma radiation, they would be eradicated respecting health security by using electron beam. Processing 

method of sanitization has investigated the effect of Electron Beam irradiation on the destruction of Bacillus 

endospores [12].The present research project aims essentially at assessing the inactivation of 

microorganisms and viruses resistant to different treatment processes by using electron beam (EB) for 

sterilizing healthcare wastewater before their discharge into the sanitation system. Previous works were 

performed dealing with the effect of gamma irradiation on viruses and bacteria isolated from both healthcare 

and urban wastewater. Obtained results regarding EB irradiation of healthcare wastewater are reported in 

this work. 

 

2. Materials and Methods 

 

2.1. Samples and sampling site 

Health care wastewater was collected from a hospital in North of Tunisia. Ten samples (100mL) were 

collected from different departments: Pediatrics, Immunology, microbiology…wastewater is drained off 

from hospitals sanitation system to the general sanitation system which leads to an urban medium charge 

wastewater treatment plant. Treated sewage is then drained to a river. 

 

2.2. Bacterial culture and counting 

E. coli concentration in natural contaminated samples was determined directly by serial dilution method on 

Tryptone Bile Agar with X-Glucuronide (TBXagar) (Biokar Diagnostics, France).Staphylococcus spp. 

Were enumerated using Baird Parker agar (Biokar Diagnostics, France) with supplement egg yolk 

potassium telluride. The results are expressed in colony-forming units(CFU) per 100 ml. Enterococcus spp. 

were enumerated after filtration of 100ml through membrane (0.45µm) and culture on Slanetz and Bartley 

medium. Spores of Clostridium perfringens were quantified by growing 10mL of samples on TSC medium, 

after a heat choc at 80°C, spores were grown over night on 42°C. Pseudomonas aeruginosa were 

enumerated using Cetrimid agar, King A and King B media. 

 

2.3. Bacteriophages enumeration 

Naturally occurring somatic coliphages, F-specific coliphages were enumerated directly in health care 

wastewater samples before and after EB irradiation. Double layer agar technique was used to detect and 

enumerate bacteriophages. Somatic coliphages and F-specific RNA coliphages were enumerated according 

to ISO 10705-2 (ISO, 2000) and according to ISO 10705-1 (ISO, 1995) standard procedures respectively 

[14-16]. Positive controls wereΦX174 and MS2 reference phages.  

 

2.4. Radiation process 

Samples were irradiated by electron beam irradiation using 3 MeV - 30 mA electron accelerator 

(VIVIRAD S.A) made available by the National Center for Radiation Research and Technology (Cairo, 

Egypt), which belongs to the Egyptian Atomic Energy Agency. Irradiation doses were : 1kGy, 2kGy, 3kGy, 

4kGy, 5kGy, 7kGy, 9kGy and 12kGy.  Bacteria and viruses were counted before irradiation and after every 

exposure. 

 



 
 

3. Results and discussion 

3. 1. Occurrence of bacteria and viruses in healthcare wastewater 

Samples were pooled to enumerate microorganisms (Fig1). The pooled samples were assayed twice and 

mean values of detected microorganisms are reported in Fig 2. 

 

Figure1 : Enumeration of bacteria, phages and yeast using appropriate culture media: A: Clostridium 

perfringens, B: E.coli, C: SOMCPH and FRNAPH, D: Staphylococcus spp., E: Enterococcus spp, F: 

Yeast. 

 

 

Figure 2: Abundance of assayed microorganisms in pooled healthcare wastewater samples, results are 

expressed in CFU or PFU /100mL 
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Results showed high occurrence of bacteria : E.coli, Pseudomonas spp., Enterococcus spp. and 

Staphylococcus spp., reaching 5.5, 3.8, 2.5 and 5.5 in logarithmic scale, respectively. Concerning phages, 

SOMCPH and FRNAPH showed concentrations similar to those reported in a previous study. Spores of 

Clostridium perfringens were also abundant reaching 3 to 3.5 Log10 CFU/100mL. Yeasts were also 

abundant reaching 3 Log10 CFU/100mL. Obtained results raise concern about the spread of nosocomial 

infections from the hospital to nearby environment. In fact, health care wastewater is not subject to specific 

treatment. Wastewaters generated from healthcare practices (in hospitals and clinics) are rejected in urban 

sanitation system directly.  

3.2. Inactivation of naturally occurring bacteria by EB irradiation 

After EB irradiation of pooled samples, the inactivation pattern of bacteria showed a complete disinfection 

when applying a dose of 2KGreys.  The radio-resistance of E. coli, Pseudomonas spp., Enterococcus spp. 

and Staphylococcus spp. is comparable to the inactivation of E. coli and vegetative bacteria in other studies 

done on hydric matrices like raw urban sewage. Inactivation pattern of Clostridium perfringens spores is 

quite different from that obtained with vegetative bacteria. Spores seemed to be much more resistant to 

irradiation than E.coli, Pseudomonas spp., Enterococcus spp. and Staphylococcus spp. 

 

 

Figure 3:  EB  inactivation of E.coli, Pseudomonas spp., Enterococcus spp., Staphylococcus spp. and 

yeast in healthcare wastewater 
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Figure 4: EB inactivation of Clostridium perfringens spores in healthcare wastewater.  

 

3.3. Inactivation of Bacteriophages by EB irradiation 

Inactivation patterns of SOMCPH and FRNAPH showed a relative resistance comparing to bacteria. 

SOMCPH are more resistant than FRNAPH as reported in previous studies with other hydric matrices. 

Therefore, we may conclude that SOMCPH should be in the range of the susceptibility to EB irradiaton of 

a wide range of animal viruses, which upgrade their potential use in water, healthcare wastes and food 

irradiation control. 

 

 

Figure. 5. EB inactivation of SOMCPH and FRNAPH in healthcare wastewater (DL: Detection limit). 
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4. Conclusion 

The preliminary results showed that: 

• Inactivation patterns of bacteria and viruses by EB irradiation of healthcare wastewater are 

comparable to those obtained by gamma irradiation. 

• Inactivation patterns of yeast is more comparable to those of bacteria than to spores.  

• Spores of Clostridium perfringens are the most resistant to disinfection by EB irradiation.  

Our proposal research work will contribute certainly to achieve the objectives of this CRP on radiation 

inactivation of biohazards. The specific research objectives in the next period will be: 

• Comparison between results of EB irradiation and gamma irradiation on assayed microorganisms. 

• Assessment of the effect of EB and gamma irradiation on fungal and bacterial biofilms  
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Abstract  

In recent years, the increase in microcontaminant (MK) concentration in surface waters and groundwater is 
increasingly attracting attention. The change in the amount and characterization of pharmaceuticals used in hospital 
wastewater, which is one of the most important sources of these pollutants, varies depending on the new laws, the use 

of new active substances and the removal of some active substances.  

Water recycling is one of the important methods in terms of both clean water shortage and environmenta l pollution. 

For a reliable water reuse, salts, nutrients (such as nitrogen, phosphorus), pathogens and micro-pollutants (MK) must 
be removed from wastewater. Among these pollutants, MKs and microbiologic contaminations are the main sources 

of the problem, since conventional wastewater treatment plants are not specifically designed to treat these pollutants.  

Therefore, an emerging treatment technology has to be established, whether it is conventional or nonconventional 
technologies. Biological treatment with the combination of radiation treatment can be a promising method. Chemical 
and microbiological characterization of hospital wastewater and biological treatment combined radiation treatment 

will be studied within the framework of this project.  

1. OBJECTIVE OF THE RESEARCH  

The treatment of hospital wastewater containing the recalcitrant industrial wastewater, which includes 
various drugs, ECD, biocides, bacteria and viruses has a crucial importance in terms of human health. A 

special attention must be paid before discharge. In the treatment of hospital wastewater, conventional 

treatment techniques can be used as well as radiation technology treatment. It is known that radiation is 

effectively and widely used to eliminate biological contaminants such as mold, bacteria and viruses in food 

industry. Because of this feature, it can also be used effectively in the treatment of hospital wastewater. 
Meanwhile, a methodology for the treatment of pathogenic and drug contaminated wastewater will be 

developed. In this study, both irradiation and conventional methods will be carried out to show the 

effectiveness of radiation technology. At the same time, the cost of treatment will be determined by 

economic feasibility studies. Radiation treatment of hospital wastewater has been aimed in this project and 

the objectives of the project are:  

• to characterize the hospital wastewaters and to optimize the irradiation conditions, to characterize 

the microbiological species present in hospital wastewater to determine D10 values of the 

microbiological species D10 values to evaluate the toxicity of irradiated and nonirradiated 

wastewater,  

• to compare the feasibility of radiation and conventional treatment processes. 

2. INTRODUCTION  



 
 

In recent years, the presence of new pollutants in wastewater and other water sources has become 

increasingly important. These pollutants are defined as new chemicals that do not have legal status and their 
effects on environment-human health are not fully understood [1]. Many groups of compounds such as 

pharmaceuticals and personal care products (PPCP), endocrine disruptors, solvents, radionuclides, 

surfactants, heavy metals, illegal drugs as well as microbiological contaminants can be counted among 

these new pollutants. These pollutants, which are difficult to disintegrate and have long durability, are 

mixed with wastewater through hospitals and reach treatment facilities [2-5]. Hospitals have water 
consumption ranging from 200-1200 L/bed day [4,6]. Hospital wastewater contains biological, macro and 

micro pollutants from a wide range of concentrations, from laboratories, research units, operating rooms, 

patients' drug use and outpatient clinics. Micro pollutants in smaller quantities than macro pollutants such 

as BOD5, COD, nitrogen and phosphorus compounds contain broad spectrum compounds that affect 

properties such as solubility, volatility, absorbability, biodegradability, polarity and stability in wastewater 
treatment plants [6]. In particular, pharmaceuticals are micro pollutants, which are the main source of the 

modern hospitals. The first discovery of them in the environment dates back to 1970s. From the beginning 

of the nineties, endocrine system drugs and lipid-lowering drugs have been on the agenda. Many researches 

have been done in the world about their availability in wastewater, aquatic environment and drinking water 

and eighty kinds of pharmaceuticals have been detected in water systems [7]. Pharmaceuticals, which are 
increasingly detected in drinking, surface and groundwater, are also present in the wastewater treatment 

plant effluents as they cannot be removed adequately in conventional treatment plants [8,9]. Concentrations 

of these substances in the effluent can range from ng/L to μg/L [6]. As a result of the studies, it was observed 

that drug wastes accumulate not only in wastewater but also in sediments and sludge. In addition, antibiotics 

and disinfectants can destroy wastewater treatment processes and microbial ecology in surface waters 

[10,11]. Therefore, an in-depth characterization study is needed to understand hospital wastewater.  

The removal of pollutants from wastewater was successfully achieved by using irradiation technology [12-

17]. In water the dimerization 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 [18,19]. 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 [20]. 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 demonstrated 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 2.5x109 
to 

4.0x108 
dm3mol-1s-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 peroxyradicals, which are powerful oxidizing 

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 peroxyradicals, 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.  

. 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.   

. Chain reactions: Peroxyradicals 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.   

Unimolecular decay with O2 elimination: Some peroxyradicals decay by liberating H2O∙/O2
∙ and producing 

the corresponding cations, which can undergo further  solvolysis reactions. The polarity of the substitutes 

on the peroxyradicals has a strong effect on the O2 elimination reactions [21].  

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 peroxyradicals,   

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 efficient than gamma sources [22]. Ozone acts by converting the hydrated 

electron into OH∙ which, in turn, causes H∙ to be abstracted from, or added to, backbone of organic 

contaminants such as chloro- alkanes.  



 
 

3. WORKFRAME PLANNED  

Work plan of the project proposed are as follows: 

a. Optimization of sample preparation method specific to target pollutants  
b. Optimization of analytic techniques that could be applied to target pollutants  
c. Irradiations in different environments (oxygen, ozone, hydrogen peroxide)  

d. Dose optimization studies  

e. Characterization of hospital wastewater  

f. Characterization of biological contaminants at hospital wastewater  

g. Determination of D10 values of those of biological contaminants  

h. Biological treatment combined with radiation treatment  

i. Toxicological assessments  
j. Economic feasibility studies  

 

4. REVIEW OF WORK RELATED TO CRP ALREADY CARRIED OUT  

Due to the low COD and BOD5 content of hospital wastewater, sufficient nutrients will not remain in 

wastewater reactor for the biological treatment after irradiation to feed microorganisms. For this reason, 

pollutants will be treated first with biological treatment, and then removal of the contaminants and 

microorganisms (bacteria and virus) remained will be treated by irradiation. For this purpose, the effluents 
were collected through automatic samplers from Medical Faculty Hospital under Kocaeli University. The 

collected samples were first acclimated, then treated in activated sludge reactors. The resultant effluents 

were used for the determination of biological species in hospital wastewater as well as D10 values. Those 

of samples were irradiated to 0, 1, 2, 3, 4 and 5 kGy at ambient temperature and atmosphere with a dose 

rate of 1.18 kGy/h.  

4.1. Detection of bacterial load  

Non-treated and treated wastewater were serially diluted and then inoculated onto Tryptic soy agar 
for Total Aerobic Mesophilic Bacteria Count, XLT4 Agar for Salmonella, Slanetz Bartley Agar 
for Enterococci, Cetrimide Agar for Pseudomonas. After inoculations, all Petri dishes were 
incubated at the suitable temperature and time for each bacteria and evaluated. The results were 

given as CFU/mL. Lauryl Sulphate Tryptose Broth+MUG was used for Coliform and E.coli 
analysis. Coliform and E.coli results were given as MPN/mL.  

4.2. Reduction of bacterial load  

The samples were irradiated at 0, 1, 2, 3, 4, 5 kGy. After irradiation, both treated and non- treated samples 

were serially diluted and then inoculated onto Tryptic soy agar. Inoculated Petri dishes were incubated at 

28 °C for 48 h. and then evaluated. Actual dosimetric results were measured by using Harwell Amber AB 

dosimeters and found to be 1.1, 2.0, 2.6, 3.8, 4.5, respectively.  

4.3. Detection of Salmonella in the samples at the irradiation treatment  

The certain number of Salmonella Enteritidis ATCC 11076 (approx.107) was inoculated to sterilized 

samples. After inoculations, inoculated tubes were irradiated at the 0, 1, 2, 3, 4, 5 kGy. The irradiated 
tubes serially diluted and inoculated onto Tryptic soy agar. Inoculated Petri dishes were incubated at 28 



 
 

°C for 48 h. and evaluated. Five bacteria were isolated from Petri Dishes irradiated at the 5 kGy 

(identification in progress).  

5. RESULTS  

5.1. Microbial load of non-treated and treated wastewater  

The behavior of Salmonella is very similar to the non-treated wastewater and the Trytic Soy broth. 

However, 107 
CFU/mL of Salmonella inoculation to treated wastewater was eliminated at 1 kGy. 6.92 log 

CFU/mL of Salmonella was recovered at 0 time spanning. Regarding to results, a 7 log decrease was 
achieved by the application of 1 kGy. In Table 1, microrobial loads of treated and non-treated samples were 

listed. In addition, images of Coliform and E.coli analysis in test tubes were presented at Fig.1.  

Table 1. Microbial load of the samples 

 Non-treated (log)  Treated (log)  

Total Aerobic Mesophilic Bacteria 6.08 CFU/mL  4.73 CFU/mL 

Coliform 5.04 MPN/mL 1.66 MPN/mL 

E.coli 2.87MPN/mL 0.36 MPN/mL 

Pseudomonas (presumptive)* 4.0 CFU/mL 3.48 CFU/mL 

Enterococci (presumptive)* 3.57 CFU/mL <1  

Salmonella <1  <1  

Sulfide reducing bacteria*   

S.aureus*   

 

 

*Verification process and analysis of the bacteria in progress  



 
 

Figure 1. Images from Coliform and E.coli analysis.  

5.2. Reduction of bacterial load  

Total reduction of bacterial load was also studied, and results are depicted at Fig. 2.  

  
Figure 2. The reduction of Bacterial load after the irradiation treatment 5.3. Reduction of Salmonella  

The reduction of Salmonella was examined and results of the non-treated samples are graphed to log CFU 

versus dose at Fig. 3. For treated (pre-aerobically digested) samples inoculated Salmonella spp. weren’t 

recovered exposed to 1 kGy absorbed dose. They were totally eliminated.  

  
Figure 3. The reduction of Salmonella after the irradiation treatment  

 



 
 

6. WORK PLANNED FOR NEXT 12 MONTHS  

a. Optimization of sample preparation method specific to target pollutants   

b. Optimization of analytic techniques that could be appied to target pollutants   

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

d. Dose optimization studies   

e. Characterization of hospital wastewater   

f. Characterization of biological contaminants at hospital wastewater   

g. Determination of D10 values of those of biological contaminants  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[11]. Gültekin, P., Gür, K., Özcan, S., Eskişehir ilindeki hastane atıksularının karakterizasyonu üzerine bir 
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Abstract 

Ionizing radiation such as electron beam (eBeam) and gamma irradiation inactivate microbial cells preventing their 
multiplication. These cells, however, are structurally intact and appear to have residual metabolic activity. We were 

interested in understanding the metabolic pathways that were still functional in eBeam-inactivated cells. Therefore, 
the primary objective of this study was to compare the metabolites accumulating in eBeam-inactivated pathogens 
E.coli 026:H11 immediately after eBeam inactivation and 24 hours post-inactivation.  Defined aliquots (109 CFU/mL) 

of E.coli O26-H11 (TW 1597suspended in phosphate-buffered saline were exposed to lethal eBeam doses of 3 kGy 
and 2 kGy respectively. Complete inactivation (inability of cells to multiply) was confirmed by traditional plating 
methods. An untargeted analysis of the primary metabolites accumulating in un-irradiated (control) cells, eBeam-

inactivated cells immediately after irradiation, and eBeam-inactivated cells tha t were incubated at room temperature 
for 24 hours post eBeam inactivation was performed using gas chromatography/mass spectrometry. In E. coli 

O26:H11, 63 metabolites were expressed at statistically different concentrations (P < 0.05) between the 3 treatment 
groups. The β -alanine, alanine, aspartate, and glutamate metabolic pathways were significantly impacted (P < 0.01). 
Furthermore, the metabolomic changes in eBeam-inactivated cells were amplified significantly after 24 hour storage 

at room temperature. These results suggest that eBeam-inactivated cells are metabolically very active and, therefore, 
the term Metabolically Active yet Non-culturable is an apt term describing eBeam-inactivated bacterial cells.  

 

 

1.  INTRODUCTION   

 
Enteric pathogens such as of Shiga-toxin producing E. coli account for numerous food borne outbreaks 

around the world. E. coli is one of the top 4 foodborne pathogens that lead to illnesses and hospitalizations 

in the United States [5]. With significant numbers of outbreaks attributed to fresh produce or minimally 

processed foods, there is an increasing need for effective non-thermal food processing technologies. 

Electron beam (eBeam) processing is a form of ionizing radiation used for food pasteurization in the food 

industry. When bacterial cells are exposed to ionizing radiation such as eBeam, multiple double stranded 
DNA breaks occur preventing DNA replication and therefore, preventing bacterial multiplication [20; 30; 

33] . Complete inactivation of defined titers of bacterial cells by lethal eBeam doses is achievable based on 

the knowledge of the target organism’s D10 value. Previous studies in our laboratory have shown that when 

bacterial cells are eBeam-inactivated, the cell membranes are structurally intact [15]. More recent studies 

in our laboratory have shown that eBeam-inactivated cells exhibit very defined gene expression patterns 
and metabolic activity for prolonged periods post the actual eBeam irradiation [12;13]. Therefore, 

determining the specific metabolic pathways that are still operating in eBeam-inactivated cells was of 

significant interest to us. The objective of this study was to understand the metabolomic profile of eBeam-

inactivated bacterial pathogens E. coli O26:H11 immediately after eBeam inactivation and 24 hours post 

eBeam irradiation and compare these metabolomic profiles to un-irradiated cells. The underlying 
hypothesis of this study was that even though eBeam irradiation inactivates bacterial cells, the bacterial 

cells are capable of maintaining their metabolic pathways even up to 24 hours post eBeam irradiation.  

 

 

https://doi.org/10.3389/fmicb.2019.00694


 
 

2.  MATERIALS AND METHODS  

 
2.1  Bacterial Cell Preparation 

  

E. coli O26:H11 (TW 1597) was obtained from the USDA-ARS culture collection (USDA-ARS-FFSRU, 

College Station, Texas). Triplicate overnight cultures of the strain were prepared independently by 

transferring a single colony to Tryptic Soy Broth (TSB) and incubated overnight at 37°C in a shaking water 
bath. The overnight cultures were washed three times with phosphate-buffered saline (PBS) by 

centrifugation (4000 x g, 10 min) and suspended in PBS following the last wash. Samples were triple 

packaged in Whirl-pak bags (Whirl-Pak, NASCO, Fort Atkinson, WI) (to meet university biosafety 

protocols) and transported on ice to the eBeam facility across the campus. Aliquots of the un-irradiated 

samples were serially diluted and enumerated using TSA plates and confirm the complete inactivation of 

the target bacterial pathogens at the eBeam doses employed in the study.  
 

2.2  Electron Beam Inactivation 

 

Electron Beam (eBeam) inactivation experiments were performed at the eBeam facility of the National 

Center for Electron Beam Research at Texas A&M University in College Station, Texas. A 10 MeV, 15 
kW linear accelerator delivered the eBeam doses and alanine (L-α-alanine) dosimeters were used to confirm 

the delivered dose. E. coli O26:H11 cells were irradiated at target dose of 3 kGy. Aliquots of the irradiated 

bacterial cells were plated on TSA plates immediately after irradiation and 24 hours after irradiation to 

confirm complete inactivation   

 
2.3  Metabolite Detection and Identification 

 

The primary metabolites in the experimental treatments (namely, un-irradiated control, freshly eBeam-

irradiated cells, and eBeam-irradiated stored for 24 hours at room temperature post irradiation) were 

detected and analyzed using an untargeted approach using GC-MS at the University of California-Davis 

metabolomics laboratory. There were three biological replicates for each experimental treatment, and each 
biological replicate analyzed three times on the GC-MS as technical replicates. Amino acids, hydroxy acids, 

carbohydrates, sugar acids, sterols, aromatics, nucleosides, amines as well as other co-purifying 

miscellaneous compounds were extracted, detected, and analyzed using previously published methods  [8-

9]. An Agilent 6890 gas chromatograph (Agilent, Santa Clara, CA) fitted with a 30 m long, 0.25 mm internal 

diameter Rtx-5Sil MS column with 0.25 µm 95% dimethyl/5% diphenylpolysiloxane film and additional 
10 m integrated guard column (Restek, Bellefonte, PA) was used to separate compounds. A volume of 0.5 

µl was injected using a Gerstel MPS2 automatic liner exchange system (Mülheim an der Ruhr, Germany). 

The temperature was increased to 250 °C at a rate of 12 °C/s. The mobile phase was pure helium (>99.9% 

purity) at a flow rate of 1ml/min. The column was held at 50 °C for one minute, ramped to 330 °C at a rate 

of 20 °C/min, and held at 330 °C for five minutes. Mass spectrometry was performed by a Leco Pegasus 
IV time of flight mass spectrometer (St. Joseph, MI) with a -70 eV ionization energy, 1800 V detector 

voltage, 230 °C transfer line temperature, and 250 °C ion source temperature. Mass spectra were acquired 

with unit mass resolution at 17 spectra/sec from 80-500 Da.  

 

The raw data files were pre-processed directly after data acquisition and all entries were processed by the 

metabolomics BinBase database. Identified metabolites were reported if present within at least 50% of the 
total samples. Data was reported as peak heights for the quantification ion (m/z value) at the specific RI. 

Peak heights were used because peak heights are more precise than peak areas at quantifying metabolites 

found in low concentrations. Any metabolite with more than one peak, were summed and reported as a 

single value. The raw data was transformed and normalized by dividing each raw metabolite value by the 

sum intensities of all known (excluding unknown) metabolites in that sample. This value was then 
multiplied by a constant factor to obtain whole numbers. This transformation was done in order to normalize 



 
 

the data to total known metabolite content, disregarding unknowns that could potentially contain artifact 

peaks or chemical contaminants.    
 

2.4  Metabolomic Analysis 

 

A statistics-based analysis of the primary identified and unknown metabolites was performed using 

MetaboAnalyst 4.0, a web-based metabolomics processing tool (http://www.metaboanlayst.ca). The data 

was normalized using log transformed and Pareto scaling feature of MetaboAnalyst. A one-way ANOVA 

using Tukey’s HSD was used to determine significant features. Partial Least Squares - Discriminant 

Analysis (PLS-DA) was used to examine differences between the treatment groups. For pathway analysis 

using MetaboAnalyst 4.0, the mean peak value was considered to analogous to mean metabolite 

concentration. Global test and relative-betweeness centrality algorithms were used for pathway enrichment 

and pathway topology, respectively. Furthermore, all P-values were adjusted for the False Discovery Rate 
(FDR). The FDR was subsequently used for all significance tests. S. Typhimurium and E. coli O26:H11 

samples were analyzed separately. The metabolite library of E. coli K-12 MG1655 was used as the pathway 

library for the pathway analysis.  

 

3.  RESULTS  
 

3.1  Confirmation of Bacteria Inactivation  

 

The starting titer of E. coli was 9.36 ± 0.02 log CFU/ml. The E. coli samples received a measured dose of 

3.02 kGy. No growth was detected in any of the irradiated samples, confirming that these eBeam doses 
achieved complete inactivation of the experimental samples.   

 

3.2  Metabolomic Analysis 

 

A total of 349 metabolites were detected, out of which only 175 were identifiable (data not included). In 
E.coli O26:H11, 63 metabolites were expressed at different concentrations (P<0.05) between the three E. 

coli experimental treatment groups (Supplementary Data 1).  

 

3.3  Metabolic Pathway Analysis 

 

One comparison was between the un-irradiated control cells and the freshly irradiated cells. The other 
comparison was between freshly irradiated cells and irradiated cells that were stored at room temperature 

for 24 hours. Figure 1 shows the results of the analysis between un-irradiated E.coli O26:H11 cells and 

freshly irradiated cells.  Eleven pathways were significantly different (P < 0.05) between un-irradiated and 

irradiated E. coli O26:H11 (Supplementary Data 2), while 6 pathways were significantly different (P<0.05) 

between freshly irradiated E. coli O26:H11 and irradiated cells that were incubated at room temperature for 
24 hours (Supplementary Data 3).  

 

4.  DISCUSSION 

  

Based on PLS-DA, there were clear differences between the E. coli O26:H11 treatment groups, with 35.2% 
of the variance explained by component 1 (Figure 2). The PLS-DA scores plot show tightly clumped 

biological replicates of un-irradiated cells and 24 hours post-eBeam cells. The freshly irradiated cells were 

more spread out, indicating that there was a larger variance in the metabolites contributing to the key 

features of this treatment groups. The results suggest that the immediate response to ionizing radiation is 

quite variable with multiple pathways expressed in order to protect and repair the bacteria after exposure to 

lethal eBeam.  
 



 
 

 
 

FIGURE 1: Pathway analysis highlighting important pathways of E. coli O26:H11 immediately after 

irradiation compared to unirradiated cells. A: Pentose and glucuronate interconversions; B: Pantothenate 

and CoA biosynthesis; C: Starch and sucrose metabolism; D: Beta alanine; E: Alanine, aspartate, and 

glutamate metabolism; F: Inositol phosphate metabolism 

 

 
 

FIGURE 2: Partial Least Square-Discriminant Analysis (PLS-DA) scores plot showing differences 
between the unirradiated cells (0 kGy), irradiated (3 kGy 0 hr), and 24 hour post irradiation (3 kGy 24hr) 

E. coli O26:H11 



 
 

Pathway enrichment analysis is based on quantitative analysis that directly utilizes metabolite concentration 

values. This type of analysis allows for detecting subtle differences in metabolites involved in the same 
biological pathway [6;37]. A global test algorithm was used to test for patterns of differentially expressed 

metabolites between treatment groups [11;14].  Pathway topology analysis was performed to identify the 

impact a particular metabolite had on a particular metabolic pathway. Metabolic pathways that were 

considered the “most significant” were those that had a high impact value above 0.6 and/or statistical 

significance above –log(p) 6. Table 1 summarizes the most impacted pathways in E.coli O26:H11 after 
eBeam irradiation.  

 

The primary metabolites in these cells are very distinct depending on whether they are irradiated or freshly 

irradiated or stored for 24 hours post eBeam irradiation (Figures 1 and 2). The response of bacterial cells 

to stressors such as acid, temperature, and ionizing radiation have been extensively studied [1;3-

4;7;10;21;29;34]. Recently, we have shown that E.coli O26:H11 when exposed to acid stress (pH 3.6), the 
key differentially expressed pathways were peptidoglycan biosynthesis, purine metabolism, D-

Glutamine/D-glutamate metabolism, nitrogen metabolism, unsaturated fatty acid biosynthesis, and inositol 

phosphate metabolism [26].  The differentially expressed pathways post eBeam irradiation match these 

pathways very closely except for peptidoglycan synthesis (Table 1)  

 

TABLE 1. 

Most significantly impacted metabolic pathways in E.coli O26:H11 cells when exposed to 3 kGy lethal 

eBeam dose as a function of time post eBeam exposure 

Comparing 0 kGy and 3 kGy exposed E.coli O26:H11 

cells 

Comparing 3 kGy exposed E.coli O26:H11 cells 

immediately after exposure and 24 hours post eBeam 
exposure 

Pentose and glucuronate interconversions Butanoate metabolism 

Pantothenate and CoA biosynthesis Nicotinate and nicotinamide metabolism 
Starch and sucrose metabolism Cysteine and methionine metabolism 
β-alanine metabolism β-Alanine metabolism 

Alanine, aspartate, and glutamate metabolism Alanine, aspartate and glutamate metabolism 
Inositol phosphate metabolism Citrate cycle (TCA cycle) 
  

 

It is noteworthy that the cell wall associated peptidoglycan pathway is not affected during eBeam irradiation 

and this is reflected in our findings that the cellular structure is unaffected during eBeam irradiation [15]. 

Similarity in the perturbations of the other pathways between acid stress exposure and eBeam irradiation 

exposure suggests that these pathways are part of the general stress response in bacterial cells. Increase in 

amino acid synthesis is a stress response commonly seen in E. coli. Stapleton reported that irradiated E.coli 
cells require amino acids such as glutamic and aspartic acid for recovery for radiation injury [28]. Thus, it 

is indicative from these studies that the irradiated cells are attempting to synthesize these critically important 

amino acids. Increased levels of alanine, aspartate, and glutamate have also been observed in the cold stress 

response [16]. Since ionizing radiation at 3 kGy is not supposed to significantly impact proteins, the 

increase of amino acids could also be a result of intentional protein breakdown [18;35]. 
 

Immediately after eBeam treatment, E.coli had increased β-alanine and Pantothenate metabolism. β -alanine 

is a direct precursor for pantothenate synthesis, explaining why the two are seen together immediately after 

irradiation in E. coli [25]. Pantothenate has been reported to be involved in cell wall and cell membrane 

biosynthesis [31]. Therefore the enhancement of the pantothenate metabolism suggests that the eBeam 
irradiated cells are possibly attempting to repair possible damages to the cellular membrane and walls that 

are yet undetectable. There was a significant increase in inositol phosphate metabolism immediately after 



 
 

irradiation, with the significant increase in the concentration of myo-inositol showing no change after 24 

hours. This is noteworthy as myo-inositol does not accumulate in bacteria; rather, it is converted to soluble 
phosphate esters [23]. While there have been very few studies conducted on the role of these compounds 

in prokaryotes, they are important signaling molecules in yeast cells and other eukaryotes, and exploration 

into their metabolic function would be of significant biologic importance [36]. Significant changes in 

metabolic activity occurred in the E.coli O26:H11 cells 24 hours post exposure to lethal doses of eBeam. 

While not immediately triggered, there was a significant increase in the citrate cycle in E. coli 24 hours 
after exposure to eBeam. The TCA cycle is one of the most important metabolic pathways in all oxidative 

organisms driving not only ATP generation, but also the defense against reactive oxygen species [27]. 

Specifically, α-ketoglutarate plays a very important role in the detoxification of H2O2 and O2
− [17]. 

Interestingly, α-ketoglutarate levels initially increased after irradiation, but after 24 hours, they decreased. 

This suggests that while there is an intial spike in concentration, over the course of 24 hours, the cell either 

cannot or does not need to maintain elevated levels of this metabolite. Succinic acid levels were increased 
immediately after irradiation, and continued to increase 24 hours later. Accumulation of succinic acid has 

been previously observed and is a biomarker of oxidative stress [17]. Furthermore, the accumulation of 

succinic acid is also used as a signaling mechanism in oxidatively stresed eukaryotic cells[32]. A major 

drawback of untargeted primary metabolomic analysis is the large presence of unknown metabolites. In this 

dataset, 50% of the metabolites detected were unknown. Many of the unknown metabolites had 
significantly different concentrations, and could potentially be key biomarkers of irradiation exposure. 

However, because their identity was unknown, these metabolites were excluded from the pathway analysis.  

 

Overall, the results of this study clearly show that metabolites in E.coli O26:H11 exhibit fluxes in 

concentration even 24 hours post eBeam irradiation exposure. The origin of these fluxes needs to be clearly 
understood. Are these changes in metabolite concentration a function of the residual gene expression that 

we observed in these cells [12]? Or are these metabolite concentrations changing due to purely abiotic 

effects within the cells?  The continued gene expression coupled with our previous studies showing 

increased H+ exchanges within the cells (based on alamar blue staining) suggests that even after 24 hours 

post lethal eBeam irradiation, bacterial cells are metabolically active and still attempting to repair their 

damage [22]. Detailed studies are needed to identify whether the presence of certain unique metabolites in 
bacterial cells can be used as biomarkers of exposure to ionizing radiation exposure.  
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