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Abstract 

An ongoing radiolytic study is currently carried out on model wastewater samples spiked with 

organochlorine insecticides (e.g. hexachlorobenzene (HCB)) and polychlorinated byphenils 

(PCB, e.g. PCB 52). To identify the most convenient irradiation conditions for wastewater 

treatment, samples were irradiated at different doses: 1.3, 4.5 and 13 kGy (1.3 kGy/h dose 

rate).  

The dependence of organochlorine insecticides and PCB’s concentration of the absorbed dose 

was monitored by gas chromatography (GC) with simultaneous micro electron capture 

detection (ECD) and mass spectrometric detection (MS, in single ion monitoring (SIM) 

mode); using ISO 6468:1996 protocols for sample preparation. The molecular structure 

confirmation of target compounds and possible persistent organic pollutant (POP) radiolysis 

products was also performed with the mass spectrometric detector in SCAN mode. 

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

and it is correlated with the GC/MS results to suggest some preferential radiolysis pathways. 

1. Objectives of the research 

To improve the knowledge on irradiation treatment of wastewater and its side-effects and to 

prepare the conditions for a large experiment eventually using a mobile e-beam, by: 

 assessing GC/MS, GC-ECD and GC-FID as analytical methods for pollutants, radiation 

by-products and microbiological characterization of wastewater before and after 

irradiation; 

 dose optimization of radiation treatment at laboratory scale and small-pilot scale using a 

gamma research irradiator; 

 to identify most convenient situations for wastewater radiation treatment. 

2. Introduction 

Other part of the world water crisis is the issue of water availability in the required quantity 

and quality of life. In Romania, only 80% of all surface water bodies assessed in 2011 meet 

the environmental objectives (have good ecological status/good ecological potential). 

Regarding the assessment of groundwater bodies, in 2011, only 82% of groundwater bodies 

achieve quality objectives. Although Romania is not on a map of the water crisis, water 

resources of our country are relatively poor and unevenly distributed in time and space. In 

theory, these amount 134.6 billion m
3
 (bcm) (consisting of surface water-rivers, lakes, the 

Danube - and groundwater), from which the usable resource, according to the degree of 
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watershed planning is about 40 bcm. Specific endogenous resources of Romania reported to 

the population number are 1894 m³/year/inhabitant, Romania being one of the countries with 

the lowest water resources in Europe.  

If exogenous water resources (representing the contribution of rivers that form in other countries and 

then enters the country) are also taking into account (in Romania’s case will consist of Danube and the 

higher streams of Siret basin, about 170 km³/year), Romania's total water resources rise to 212 

km³/year. Therefore, Romania depends very largely on water resources coming from different 

countries upstream. These water resources are not fully usable. Unlike the countries of Western and 

Northern Europe, the lack of sufficient water resources are likely to become a limiting factor for 

economic development, if not promoted a strict policy of rational use of water by stakeholders.  

For 2011, the volume of water required by businesses is 7.7 bcm of water, down from the 

previous year and almost three times lower than in 1990. Broken down by categories, total 

water requirement for 2011 is as follows: 1.22 bcm of water (16%) for the population, 1.32 

bcm of water (17%) for agriculture and 5.16 bcm of water (67%) for the industry 

(http://www.rowater.ro). 

In Romania, the degree of connection to sewerage equivalent population is 57%, and the 

degree of connection to wastewater treatment plants is 46%. In the last 4 years (2007-2011), 

ca. 2,997,173,000 Eur were invested nationwide for the expansion and rehabilitation works of 

water infrastructure (http://www.rowater.ro). 

Following the accession of Romania to the European Union, have resulted in a number of 

commitments involving significant investment in water and wastewater sector, over relatively 

short periods of time. Thus, in accordance with the Accession Treaty, Romania obtained 

following transition periods for compliance with EC Directive no. 91/271/EEC concerning 

urban wastewater: 

- until 2015, for 263 agglomerations of more than 10,000 inhabitants; 

- until 2018, for 2,346 agglomerations between 2,000 and 10,000 inhabitants. 

The planned work in these projects aim to achieve a number of about 170 new or rehabilitated 

wastewater treatment plants and an increase in the volume of treated wastewater, respectively, 

from 35% to 60%. It is also anticipated an increase in people connecting to water the regional 

system from 52% to 70% (http://www.rowater.ro). 

While several countries worldwide have started feasibility studies for establishment of 

demonstration plants to treat wastewater for reuse in urban irrigation and some industrial uses. 

This studies show that the treated municipal and industrial wastewater effluents are still 

contaminated with persistent organic pollutants (POP), such as pesticides and endocrine 

disruptors in low concentration and there is a need for optimized and validated analytical 

methods to fully characterize and evaluate effects of by-products in treated wastewaters.  

Another important problem arising is the increasing presence of pharmaceuticals and 

endocrine disruptors compounds in municipal wastewater entering into the receiving stream, 

for which new treatment techniques and procedures are needed to remove excreted drugs 

before releasing the effluent into public waterways or reuse. 

We aim to investigate the utilization of ionizing radiation (gamma or accelerated electrons) as 

an alternative advanced water treatment technology for reuse, with particular focus on 

wastewaters containing organic pollutants. The research is focused simultaneously on two 

directions: 

 the degradation of POP and 
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 - the bioburden reduction in wastewater. 

Gas chromatography coupled with mass spectrometry (GC/MS) was chosen, because is able to 

identify and measure small molecules resulted from POP’s irradiation treatment. 

In the same time GC/MS is able to identify microorganisms (bacteria) in the frame of a 

modern molecular biology method, recently introduced in European Pharmacopoeia. This 

method is based on the identification of a specific pattern of fatty acids from the 

microorganism cell membrane, by using a large interactive data-base and multivariate data 

analysis [1, 2]. 

Organochlorine pesticides and polychlorinated byphenils (PCB) are groups of toxic 

compounds, most of them being included in the Stockholm convention list of persistent 

organic pollutants. They are characterized by high chemical stability and may lead to marked 

changes in the aquatic ecosystem via bioaccumulation and biomagnification. Gamma 

radiolytic degradation is thought to be a promising treatment for their decomposition to more 

environmental friendlier compounds. 

3. Materials and Methods 

The experimental part was focused on optimization and extension of applicability of ISO 

6468:1996 standardized analytical method for the validation of radiation treatment of 

wastewaters containing certain organochlorine insecticides or PCB. The analytical methods 

used were gas chromatography (GC) coupled with mass spectrometry (MS) and micro 

electron capture detector (ECD). The decomposition of organochlorine insecticides or PCB 

from spiked sewer wastewater samples was achieved with gamma irradiation. A GC/MS 

screening in correlation with a molecular modelling study were also performed for the 

identification of possible POP radiolysis products.  

Two sets of irradiation experiments were performed: one with acetone or methanol as POP’s 

solvents miscible with water; and other with the model wastewater samples used in the 

irradiation experiments, which had a spiked concentration of 1 ppb POP and 0.1% solvent 

(methanol). 

3.2. Samples and sample preparation 

Spiked samples, positive and negative quality controls were prepared as follows: 

 sampling: real treated sewer wastewater samples (UN-WW) were taken from the IFIN-

HH wastewater treatment station, compact type (in prefabricated container, installed by 

EDAS EXIM, www.edas.ro), with membrane biological reactor (MBR), and a 

maximum treatment capacity of 100 m
3
/day. Samples were taken in 2.5 l brown glass 

containers with polytetrafluoroethylene (PTFE) caps (thus avoiding contact with other 

plastic materials which may serve as adsorbent materials for POP), and stored overnight 

in a freezer at 4 °C. Next day, samples were decanted and diluted 1 part wastewater at 9 

parts deionised water and further used at spiked test specimens preparation. 

 negative quality controls (QC-BK) preparation: 1 ml of acetone or methanol (HPLC 

purity, Sigma-Aldrich) were transferred in 1 l Berzelius graduated beakers and filled 

with deionised water. High dose Co
60

 gamma irradiation experiments (with absorbed 

doses of 65 and 130 kGy, 1.3 kGy/h dose rate) were conducted and methanol was 

selected over acetone, because acetone produced flocculation after irradiation.  
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 positive quality controls (QC-HCB or QC-PCB52) preparation: 1 ml of methanol with 1 

ppm hexachlorobenzene (HCB) or 2,2',5,5'-tetrachlorobiphenyl (PCB 52) were 

transferred in 1 l Berzelius graduated beakers and filled with deionised water. The final 

POP’s concentration was 1 ppb HCB or PCB 52 in water. 

 spiked test specimens (QC-WW-HCB or QC-WW-PCB52) preparation: 1 ml of 

methanol with 1 ppm HCB or PCB 52 were transferred in 1 l Berzelius graduated 

beakers and filled with diluted real treated sewer wastewater (wastewater : deionised 

water = 1 : 9). The final POP’s concentration was 1 ppb HCB or PCB 52 in water. The 

spiked test specimens were stored at 4 °C until analysis. 

Standard solutions preparation for GC quantitative analysis: 10 mg of HCB or PCB 52 

(reference standards for GC purity) were transferred into volumetric flasks of 100 ml, further 

filled with n-hexane (for GC-MS & GC-ECD calibration curves) or methanol (for preparation 

of QC-HCB or QC-PCB52 and QC-WW-HCB or QC-WW-PCB52), thus obtaining stock 

standard solutions of  100 ppm (POP’s concentration, stable for maximum one year at 4 °C). 

Standard solutions of 1000 ppb, 100 ppb, 10 ppb, 1 ppb and 0.1 ppb of HCB or PCB 52 were 

prepared, according to the GC-ECD method linearity range (between 0.1 ppb & 1000 ppb, the 

detector commonly exhibiting a 10,000-fold linear range). 

3.3. Irradiation experiments 

To identify the most convenient irradiation conditions for experimental model sewer 

wastewater treatment, samples were irradiated at IRASM Multipurpose Irradiation Facility 

(IFIN-HH, Bucharest-Magurele), a SVST Co-60/B tote-box, wet storage (max. 2 MCi) 

industrial gamma irradiator (360 kCi in Jan 2012). The absorbed doses were 1.3, 4.5, 13, 65 

and 130 kGy (1.3 kGy/h dose rate). The dosimetry was performed with ethanol-chloro-

benzene (ECB) dosimeters (+ 2% standard deviation) [4].  

Two consecutive irradiation experiments were carried out: 

 first, for establishing the stability of spiking solvents (acetone versus methanol, with a 

concentration of 0.1% in deionised water) to irradiation treatment, after an intriguing 

initial irradiation experiment which led to solution colouring into white-yellow and 

decantation of yellowish deposits (fig. 1). The absorbed doses of 65 and 130 kGy were 

100 times higher than doses usually used in industrial applications for wastewater 

treatment. At high dose acetone reacted with water intermediates, which produced 

colloidal particles. Methanol was more stable (fig. 2), no significant turbidity was 

observed, and for this reason it was selected for the POP’s irradiation decomposition 

experiments. 

 second, for establishing the absorbed dose which will reduce 10 times the target POP’s 

concentration in sewer wastewater for our experimental irradiation geometry (fig. 3). 

The purpose of the experiments was to develop a validation protocol for radiation 

decomposition of target POPs in sewer wastewater. The experimental absorbed doses 

were 1.3, 4.5 and 13 kGy (1.3 kGy/h dose rate). The irradiated samples consisted in 

deionised water (QC-BK) and sewer wastewater spiked with HCB (QC-WW-HCB) or 

PCB 52 (QC-WW-PCB52) (POP’s concentration of 1 ppb) and methanol (0.1%). 
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Fig. 1. The initial irradiation experiment of acetone (0.1% in deionised water) as spiking 

solvent for PCB 52 and HCB (having a concentration of 1 ppb in deionised water, obtained 

by adding 1 ml of acetone with 1 ppm of POPs  to 1 l of deionised water): a) - f) unirradited 

& irradiated positive quality controls before and after liquid-liquid extraction; g) & h) 

organic phase collected after  liquid-liquid extraction before and after separation from 

interfering matrix by freezing at – 20 ºC. 
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Fig. 2. First irradiation experiment for establishing the chemical stability of spiking solvents 

when subjected to irradiation treatment. 

 

 

Fig. 3. Second irradiation experiment for establishing the absorbed dose which will reduce 10 

times the target POP’s concentration in sewer wastewater. 
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3.4. Sample processing 

3.4.1. Liquid – liquid extraction 

1 litre of test specimen (water sample) is transferred into a separation funnel of 1 l (figures 1 

and 3). 100 ml of n-hexane (GC purity, e.g. “pestiscan”) is added and mixed for 20 min, 

followed by phase separation for 10 min (depending on residual wastewater interfering 

matrix). The aqueous phase is recovered into 1 l Berzelius graduated beaker (the same used 

for sample preparation and irradiation) and the organic phase is transferred into a 0.5 l 

Berzelius graduated beaker. The liquid-liquid extraction is repeated 2 times with fresh 

volumes of n-hexane into the same separation funnel and the organic phases are collected and 

reunited in the same 0.5 l Berzelius graduated beaker. 

3.4.2. Separation from interfering matrix 

The organic phase collected after liquid-liquid extraction was cooled down to -20 °C, and 

kept for 2 hours (figure 1). Depending on the interfering matrix (which can appear sometimes 

as a foam into the organic phase) a number of freezing cycles between room temperature and 

-20 °C can be applied, until transparent liquid organic phase is separated from the frozen solid 

decanted phase. The transparent liquid organic phase is transferred into a glass round-bottom 

flask for rotary evaporators. 

3.4.3. Sample extract concentration 

Sample extract was concentrated to a small volume of 0.5 - 1 ml in a constant vacuum of 340 

mbar, obtained with Heidolph Laborota 4002 rotary evaporator with vacuum pump. The glass 

round-bottom flask was thermostated during evaporation on a water bath at 40 °C. The 

concentrated sample extract was further quantitatively transferred (using an automated micro 

pipette with disposable PTFE 1000 μl tip) into a 2 ml GC vial. Small volumes of clean solvent 

were used to wash the evaporation vessel twice for completing the extract volume to 1 ml, and 

immediately seal the GC vial with a PTFE-silicon-PTFE septum. 

The recovery efficiency was calculated based on the nonirradiated spiked quality controls and 

samples which were processed in the same batch with the irradiated ones. 

3.5. The chromatographic analysis GC-ECD&MS 

The dependence of organochlorine insecticides and PCB’s concentration of the absorbed dose 

was monitored with gas chromatography (GC) with simultaneous micro electron capture 

detection (ECD) and mass spectrometric detection (MS, in single ion monitoring (SIM) 

mode). The molecular structure confirmation of target compounds and possible POP 

radiolysis products was also performed with the MS detector in SCAN mode. 

Agilent GC 6890N was used with the following configuration: auto sampler (with 10 l 

Hamilton syringe), programmable temperature vaporizer cold injection system (Gerstel PTV 

CIS4 with Peltier cooling option) with a straight liner (150 μl, packed with deactivated glass 

wool), a 1 m x 0.25 mm retention gap connected at one end with the PTV injector and to the 

other end with a quartz “Y” capillary connection, from which emerge two identical HP-5ms 

columns, 30 m x 0.25 mm (with 0.25 µm film of (5%-phenyl)-methyl-polysiloxane non-polar, 

bonded and cross linked stationary phase). Each HP-5ms column was further connected with 

a detector: one with the Agilent micro electron capture detector (ECD); and the other one with 

Agilent 5975 inert MSD. The MSD had the following configuration: electron ionisation 
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source; quadrupolar mass analyser (m/z 2 Da to m/z 1050 Da); and high energy dynode 

(HED) detector.  

The software applications used for GC-ECD & GC/MS data acquisition and data analysis 

were: Agilent Enhanced Chemstation software (version D.02.00.275); NIST 2005 GC/MS 

mass spectral library; NIST MS 2.0 library search software and AMDIS (version 2.62) 

automated mass deconvolution and identification system. 

Injection of 1 μl of n-hexane (target POP’s concentration of 1 ÷ 10
-3

 ng/l) was performed in 

hot (280 °C) splitless mode (1:1) for 1 min, followed by inlet purge at 100 ml/min for 7 min, 

and inlet purge at 50 ml/min for the rest of chromatographic method and inlet standby mode. 

Helium (99.9999 % purity) has been used as carrier gas, with a capillary constant flow of 3 

ml/min through the retention gap, further divided approximatively into 2 ml/min through the 

MSD column and 1 ml/min through de ECD column. 

Column temperature programming consisted in the following profile: isothermal for 8 min at 

80 ºC, ramp with 12 °C/min to 310 °C and isothermal (column conditioning) for 3 min. 

3.5.1. Quantitative GC-ECD&MS 

The ECD detector had the following parameters: constant makeup flow mode (nitrogen, 60 

ml/min, 99.9995% purity), thermostated at 350 °C, data acquisition rate of 50 Hz.  

The MSD detector had the following parameters: transfer line set at 280 ºC; electron 

ionisation source set at 230 ºC; mass analyser set at 180 ºC and used in single ion monitoring 

mode (SIM, e. g. for PCB 52 were monitored 5 fragment ions with m/z: 220, 222, 290, 292 

and 294 Da), in low mass resolution mode (0.7 ÷ 0.9 Da) with a dwell time of 50 ms (3.65 

cycles/sec). 

The resulting GC-ECD&MS chromatograms for PCB 52 are shown in figure 4. 
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Fig. 4. Total Ion Chromatogram (TIC, SIM mode) and ECD chromatogram, for the 

nonirradiated positive quality control with 700 ng/l of PCB 52. 

Calibration curves were made for HCB and PCB 52 (see figures 5 and 6) for the 

concentrations between 0.1 ÷ 1000 μg/l of n-hexane, equivalent to 0.1 ÷ 1000 ng/l of water. 
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Fig. 5. GC/MS calibration curve for PCB 52 (0.1 ÷ 1000 μg/l of n-hexane, equivalent to 0.1 ÷ 

1000 ng/l of water) is best described by a linear fit. 

 

 

Fig. 6. GC-ECD calibration curve for PCB 52 (0.1 ÷ 1000 μg/l of n-hexane, equivalent to 0.1 

÷ 1000 ng/l of water) is best described by a polynomial regression, as follows:  y = ax² + bx 

+ c; a = -7109.2; b = 34487.1; c = 20.4; y is the peak area; and x is the concentration. 

The data analysis of the samples from the second irradiation experiment showed that an 

absorbed dose of 1.3 kGy reduces 10 times the concentration in water of PCB 52 from 700 

ppt to approximatively 70 ppt (see also figure 7). 
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Fig. 7. Total Ion Chromatogram (SIM) and ECD chromatogram, for the nonirradiated (700 

ng/l) and irradiated positive quality control spiked with PCB52. 



 

156 

3.5.2. GC/MS screening 

The MSD detector had the following parameters: same temperatures on transfer line and MSD 

zones, except the detector has been used in SCAN mode, screening for fragment ions with 

m/z between 50 and 550 Da, with 1 Da mass spectral resolution, corresponding to an data 

acquisition rate of 2
3
 scans/Da or 1.5 scans/sec. Noise was minimized by using a threshold of 

100 cps/Da. The mass spectral data acquisition parameters were similar with the ones used for 

MSD tuning (for both mass axis and spectral intensity) with PFTBA 

(PerFluoroTriButylAmine), thus making the identification of deconvoluted experimental mass 

spectra in NIST 2005 GC-MS library more reliable, especially when combined with retention 

time or retention index in AMDIS. 

The molecular structure confirmation of target compound in irradiated samples has been done 

with the MSD in SIM detection mode, based on the relative abundances of the five specific 

fragment ions, in comparison with experimental mass spectra acquired in SCAN mode and 

the one from NIST 2005 GC/MS library (e. g. PCB 52 – see figure 8). 

 

Fig. 8. PCB52 target compound molecular structure confirmation, experimental SIM and 

SCAN spectra versus NIST 2005 GC/MS library spectra for the nonirradiated (0 kGy) 

positive quality control water sample. 

The GC/MS screening in SCAN mode was unable to evidence the presence of proposed 

persistent organic pollutants radiolysis products formed by successive attacks either with 

solvated electron (figure 9, proposed molecular structures A1 ÷ A4), either with hydroxyl 
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radical (figure 9, proposed molecular structures B1 ÷ B4). This may be also because the mass 

spectrometer sensitivity in SCAN mode is almost 100 times lower than in SIM mode, or 

because of further degradation competing processes. Other studies in correlation with 

molecular modelling may be performed in order to determine the order of magnitude for the 

concentration of possible POP radiolysis products, whether it is significant or not when 

compared with the concentration of parent molecules and with the detection limits of the 

current available instrumentation. 

 

Fig. 9. Molecular structures of proposed radiolysis products formed by reaction mechanisms: 

A) with solvated electron (A1 ÷ A5); and B) with hydroxyl radical (B1 ÷ B4). 

3.6. Molecular modelling 

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

and it is correlated with the GC/MS results to suggest some preferential radiolysis pathways. 

Modelling of the reactants, transition states and products was done with quantum semi-

empirical AM1 and PM3 methods, included in Hyperchem (and Ampac) program(s). Starting 

geometry of POP and theirs derivatives was obtained from the 2D manual drawing of the 

molecule and from the 3D automatic builder molecular model. To obtain an accurate 

structure, geometry optimization with Polack-Ribiere algorithm, Restricted and Unrestricted 

Hartree Fock approximations and gradient of 0.01 kcal/mol·Å was done. Heat of formation, 

activation energy, HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest 
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Unoccupied Molecular Orbital) frontier orbitals energy and shape, were obtained and 

correlated with the compounds reactivity. 

4. Conclusions 

The above methods and procedures will help to better assess the usefulness and limitations of 

GC-ECD and GC-MS for routine monitoring and screening of organochlorine insecticides or 

PCB in municipal wastewater after gamma irradiation treatment for biological bioburden 

decrease and POP decomposition. 

Gamma irradiation experiments on spiked wastewater with PCB 52 enabled us to calculate the 

dose necessary to decrease 10 times the concentration of PCB 52. The GC/MS screening in 

SCAN mode was unable to evidence the presence of POP radiolysis products. Other studies in 

correlation with molecular modelling may be performed in order to determine the order of 

magnitude for the concentration of possible POP radiolysis products, whether it is significant 

or not when compared with the concentration of parent molecules. 
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