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ABSTRACT 

Three environmental samples containing dioxins and furans have been oxidised in the 

presence of hydrogen peroxide under supercritical water oxidation conditions. The 

samples consisted of a waste incinerator flyash, sewage sludge and contaminated 

industrial soil.  The reactor system was a batch, autoclave reactor operated at 

temperatures of between 350 °C to 450 °C, corresponding to pressures of ~20 MPa to 

33.5 MPa and with hydrogen peroxide concentrations from 0.0 to 11.25 vol.%. 

Hydrogen peroxide concentration and temperature/pressure had a strong positive 

effect on the oxidation of dioxins and furans. At the highest temperatures and pressure 

of supercritical water oxidation of 450 °C and 33.5 MPa and with 11.25 vol.% of 

hydrogen peroxide, the destruction efficiencies of the individual PCDD/PCDF isomers 

were between 90 and 99%.   There did not appear to be any significant differences in 

the PCDD/PCDF destruction efficiencies in relation to the different sample matrices 

of the waste incinerator flyash, sewage sludge and contaminated industrial soil.   
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1. Introduction 

Polychlorinated dibenzo--dioxins (PCDD, i.e. ‘dioxins’) and the closely related 

polychlorinated dibenzofurans (PCDF, i.e. ‘furans’) constitute a group of chemicals 

that have been demonstrated to occur ubiquitously in the environment [1].  They have 

been detected in soils and sediments, rivers and lakes, chemical formulations and 

wastes, herbicides, hazardous waste site samples, landfill sludges and leachates [1,2].  

PCDD and PCDF have a number of recognised sources, among which are their 

formation as by-products of chemical processes such as the manufacture of wood 

preservatives and herbicides, the smelting of copper and scrap metal, the recovery of 

plastic coated wire, combustion of municipal waste, coal, wood and industrial waste 

and natural combustion such as forest fires [2-4].   

In relation to the research reported here, PCDD/PCDF are also found in waste 

incinerator flyash, sewage sludge and contaminated industrial soils. Waste incinerator 

flyash and air pollution control system residues represent a major emission of 

PCDD/PCDF to land [5-7].  It is estimated that more than 1 million tonnes of 

hazardous flyash and air pollution control residues are generated in Europe each year 

from the incineration of municipal solid waste, much of which is landfilled  [7,8]. In 

addition, PCDD/PCDF have been detected in sewage sludge and reported in several 

studies [6,9-14]. Certain types of contaminated industrial soils are also reported to 

contain significant concentrations of PCDD/PCDF [15-17]. Therefore, waste 

incinerator flyash, sewage sludge and contaminated industrial soil represent 

significant environmental samples which require processes of remediation. 

There is considerable concern over the presence of PCDD/PCDF in the 

environment due to their high toxicity. The remediation of environmental samples 

contaminated with PCDD/PCDF represents a significant challenge, as the 



concentrations are very low, but their toxicity is high [18].  Supercritical water has 

been suggested as a novel and effective treatment process to completely destroy 

organic pollutants [19-21].  The treatment process involves the complete oxidation of 

the organic contaminants in a water environment at high temperature and pressure at 

conditions that exceed the critical point of water (temperature of 374 °C and pressure 

of 22.1 MPa).  The properties of water under these conditions are markedly different 

from that of ambient water. It has unique features with respect to its density, dielectric 

constant, ionic product, viscosity, diffusivity, electric conductance and solvent ability. 

An oxidant in the form of oxygen or hydrogen peroxide is required and oxidises the 

organic material to mainly carbon dioxide and water.  At supercritical water 

conditions the vapour and liquid phases become indistinguishable and the water 

behaves as a dense fluid such that organic compounds become highly soluble and the 

oxidant is completely miscible with the fluid, thus minimising mass transfer 

resistances and providing rapid reaction rates.  There is thus interest in investigating 

the use of supercritical water as a treatment option for the oxidation of PCDD/PCDF.  

There are few studies in the literature on the use of supercritical water 

oxidation to destroy PCDD/PCDF in complex environmental matrices. In this paper, 

the destruction of PCDD/PCDF in three contaminated environmental samples, waste 

incinerator flyash, sewage sludge and industrial soil using supercritical water 

oxidation has been investigated.  The influence of the process conditions of 

temperature/pressure and oxidant concentration on PCDD/PCDF oxidation were 

investigated. 

 

2. Materials and methods 

2.1 PCDD/PCDF samples 



The three environmental samples contaminated with PCDD/PCDF were, reference fly 

ash from a municipal solid waste incinerator (BCR-490) reference sewage sludge 

(BCR-677) and reference industrial sandy soil (BCR-529).  The samples were 

obtained from the European Commission Joint Research Centre Institute for 

Reference Materials and Measurements (IRMM), Geel, Belgium. Tables 1, 2 and 3 

show the certified concentrations of the reference PCDD/PCDF samples.  In addition, 

the tables also show analyses of the main Toxic Equivalent PCDD/PCDF which were 

present in the samples and analysed by our laboratory, but were not certified in the 

standard reference materials.  Although the total number of possible PCDD isomers is 

75 and total possible furan isomers is 135, to ease the analytical process, only the most 

toxic PCDD/PCDF are analysed in the form of the toxic equivalent (TEQ) standard 

scheme.  The TEQ or Toxic Equivalent scheme is based on the available toxicological 

and biological data to generate a set of weighting factors, each of which expresses the 

toxicity of a particular PCDD or PCDF in terms of the most toxic PCDD, i.e. 2,3,7,8 

TCDD.  Toxicity depends on the number and position of the chlorine substituents.  

The most toxic isomers belong to the 2,3,7,8 group and hence the 17 isomers selected 

for the TEQ scheme include such isomers. The three environmental PCDD/PCDF 

reference samples were used as received. 

 

2.2 Experimental reactor 

The supercritical water reactor was made from Inconel, with a volume capacity of 75 

ml and the internal length, and diameter were 15 cm and 2.5 cm, respectively. The 

reactor was manufactured by the Parr Instrument Co. IL, USA. External heating was 

via an electrical furnace with full temperature and heating rate control (Figure 1).  The 



PCDD/PCDF contaminated sample (2.0 g) was placed in the reactor with 20 ml of 

water containing hydrogen peroxide as the oxidant at concentrations from 0.0 to 11.25 

vol.%.  The reactor was sealed and heated at a heating rate of ~10 °C min-1 to the final 

temperature of 350 °C, 400 °C or 450 °C, since the reactor was a sealed system, 

heating resulted in corresponding pressures of 20 ± 2 MPa, 27 ± 2 MPa and 33.5 ± 2 

MPa.  The temperature and pressure of 350 °C/20 ± 2 MPa and 400 °C/27 ± 2 MPa 

corresponding to sub-critical water conditions and 450 °C and 33.5 ± 2 MPa 

corresponding to supercritical water conditions.  Once the desired temperature was 

reached, the reactor was held at that temperature for one hour and then the heating was 

stopped and the reactor was removed from the heater and cooled to room temperature 

by an air cooling system. Therefore, the residence time of the reactants in the reactor 

ranged from ~95 minutes at 350 °C to ~105 minutes at 450 °C. 

After each experiment the solid samples were separated from the water by 

vacuum filtration before being dried overnight at a temperature of 105°C in a vacuum 

oven and then stored prior to analysis.  

 

2.3 Analysis of PCDD/PCDF 

US-EPA method 1613 was applied for the analysis of PCDD/PCDF in solid matrices 

[22]. The entire analytical procedure, including sample digestion, extraction and 

isolation of the PCDD/PCDF from solid samples through to the instrumental analysis 

with the GC-TQ/MS, was validated using the BCR-490, BCR-529 and BCR-677 

reference materials.  In addition, samples of PCDD/PCDF-free analytical sand spiked 

with two different concentrations of precision and recovery standard (PAR) solution 

were analysed through the entire procedure. The PAR solution contained only native 

PCDD/PCDF but the labelled homologues were added just before extraction. 



The dried solid environmental samples obtained after reaction were spiked 

with 10µl of 13C12-labelled 2,3,7,8-chloro substituted PCDD/PCDF standard prior to 

the whole analytical procedure to determine the percentage analytical recovery of the 

analytical procedure.  The solid samples were extracted using a Dionex ASE-100 

(Thermo Fisher UK Ltd.) accelerated solvent extraction system and toluene as solvent 

to extract the organic compounds from the sample matrix. The system was set at a 

temperature and pressure of 200°C and 1500 psi and purged with nitrogen gas. For 

fractionation and isolation of the PCDD/PCDF from the extracted organic fraction an 

automated liquid chromatography multicolumn Power Prep/Dioxin System from Fluid 

Management Systems (FMS), Inc., U.S.A was used. The system is based on a 

sequence of acidic-basic multilayer silica, basic alumina and activated carbon 

adsorbents, pre-packed in a disposable Teflon column and hermetically sealed [23]. 

The isolated and concentrated PCDD/PCDF fraction was analysed using a gas 

chromatograph coupled to a triple quadrupole mass spectrometer (GC-TQ/MS). The 

gas chromatograph was a Varian model 450-GC with a Varian 8400 auto-sampler, 

coupled to a Varian 320-TQ/MS. The acquisition of data was carried out with a Varian 

MS Workstation Version 6.9.2. Helium was used as a carrier gas at a constant flow-

rate of 1ml min-1. The gas chromatograph capillary column was a Varian CP-Sil 88 

with column length 50 m, internal diameter 0.25 mm, and 0.25 µm film thickness. 2 µl 

of PCDD/PCDF fraction sample volume was injected into the gas chromatograph in 

split/splitless injection mode at 270 °C. The column oven temperature was 

programmed at 140°C as an initial temperature and held for 2 minutes, before heating 

at 45 °C min-1 to 190 °C with no holding time, and finally heating at 5°C min-1 to 240 

°C held for 31.89 minutes giving the total GC programme time of 45 minutes. Details 



of the analytical system, procedure and method validation have been reported 

elsewhere [6].  

 

3. Results and discussion 

3.1 Analytical recovery 

The accuracy of the analytical procedure was verified by comparison with the certified 

values of the IRMM reference samples BCR-490, BCR-677 and BCR-529 for 

incinerator flyash, sewage sludge and industrial sandy soil respectively. The results 

are shown in Tables 1, 2 and 3. The percentage recoveries were in a satisfactory range 

from 80 – 120 %.  There did not appear to be any significant differences in the 

analytical recoveries of the PCDD/PCDF isomers from each of the different sample 

matrices of flyash, sludge and soil. Holscher et al [24] investigated the presence of 

PCDD/PCDF in a wide range of sample matrices, including incinerator flyash, soil 

and food samples and reported recoveries in the range of 50-120%. 

 

3.2 Oxidation of PCDD/PCDF contaminated samples in supercritical water 

Figure 2 shows the individual isomers of PCDD/PCDF in the flyash sample after 

treatment by supercritical water oxidation at 450 °C and 33.5 ± 2 MPa in relation to 

increased concentration of hydrogen peroxide concentration from 0.00% to 11.25%. 

All of the isomers consistently decreased in concentration in the waste incinerator 

flyash samples with increasing hydrogen peroxide concentration. Three of the isomers 

(1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF and 1,2,3,7,8,9-HxCDF) were identified as 

showing high oxidation rates of more than 96% and for congeners 2,3,7,8-TCDD and 



2,3,7,8-TCDF the oxidation achieved, were above 93% and 91% respectively at the 

maximum, 11.25% hydrogen peroxide concentration. Figure 3 illustrates the effect of 

hydrogen peroxide, oxidation temperature and pressure on the oxidation rate of the 

2,3,4,8-TCDD and TCDF isomers. The highest oxidation rates achieved reduced the 

TCDD from 185.67 ng kg-1 to 11.68 ng kg-1 and reduced the TCDF from 794.81 ng 

kg-1 to 69.74 ng kg-1, which were reductions up to 93% and 91% respectively at 450 

°C and with 7.5% of hydrogen peroxide. Generally, all PCDD/PCDF concentrations in 

the waste incinerator flyash were significantly decreased when hydrogen peroxide 

concentration, temperature/pressure were increased. However, at the lower 

temperature of 350 °C, for 2,3,7,8-TCDD there was little oxidation, even with 

increasing concentration of hydrogen peroxide.  Even at 400 °C, oxidation was only 

effective at the higher concentrations of hydrogen peroxide.  

  Figure 4 shows the influence of hydrogen peroxide concentration from 0.0% to 

7.5% on the supercritical water oxidation of PCDD/PCDF in sewage sludge at 450 °C 

and 33.5 ± 2 MPa. All of the PCDD/PCDF isomer concentrations were found to have 

decreased, by more than 50%, even in the absence of hydrogen peroxide, however, in 

the presence of hydrogen peroxide there was a marked decrease in PCDD/PCDF 

isomer concentration. For several PCDD/PCDF isomers, namely 1,2,3,7,8-PeCDD, 

1,2,3,4,7,8-HxCDD and 1,2,3,4,7,8,9-HpCDF, complete (100%) oxidation occurred at 

only 3.75% hydrogen peroxide concentration. Additionally, five isomers (1,2,3,7,8-

PeCDD, 1,2,3,6,7,8-HxCDF, 1,2,3,4,7,8-HxCDD, 1,2,3,7,8,9-HxCDF and 

1,2,3,4,7,8,9-HpCDF) were 100% oxidised when the concentration of hydrogen 

peroxide was increased to 7.50%.  Figure 5 shows the supercritical water oxidation 

rate of 2,3,7,8-TCDD and 2,3,7,8-TCDF in sewage sludge in relation to temperature 

(and pressure) and hydrogen peroxide concentration. At the lower oxidation 



temperature of 350 °C, there was only a modest reduction in PCDD/PCDF 

concentration.  The small increase in 2,3,7,8-PCDF concentration at 350 °C was 

within the experimental/analytical errors of the experiments. At the higher temperature 

of 450 °C, the 2,3,7,8-TCDD and 2,3,7,8-TCDF concentration was found to be 

significantly reduced from 1.44 ng/kg to 0.011 ng/kg and 47.49 ng/kg to 0.16 ng/kg, 

respectively. The low concentration of 2,3,7,8-TCDD in the original sewage sludge 

standard sample should be noted. 

The supercritical water oxidation of PCDD/PCDF in contaminated industrial 

soil at 450°C and 33.5 ± 2 MPa in relation to hydrogen peroxide concentration 0.0% 

to 7.5% is shown in Figure 6.  The results obtained for all isomers were found to 

consistently decrease when hydrogen peroxide concentration was increased.  The 

highest rate of oxidation was obtained with isomer 1,2,3,7,8,9-HxCDF which was 

100%.  Other PCDD/PCDF isomers, namely, 2,3,7,8-TCDD, 1,2,3,7,8-PeCDD, 

1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF, 1,2,3,7,8-PeCDF, 1,2,3,4,7,8-HxCDD, 

1,2,3,6,7,8-HxCDD, 1,2,3,4,6,7,8-HpCDF and OCDF were found to have a 99% 

removal rate compared with the reference sample. The supercritical water oxidation of 

the most toxic isomers i.e 2,3,7,8-TCDD and 2,3,7,8-TCDF in the industrial 

contaminated solid sample is shown in Figure 7. The oxidation of both isomers 

resulted in a decrease in concentration in the resultant soil sample.  At 450 °C 

temperature, pressure 33.5 ± 2 MPa and 7.5% hydrogen peroxide concentration the 

2,3,7,8-TCDD concentration decreased from 4017 ng kg-1 to12 ng kg-1, representing a 

99.7% reduction. For the 2,3,7,8-TCDF isomer, the reduction was from 65 ng kg-1 to 6 

ng kg-1 a 90.7% reduction in concentration. These reductions compare with only 

60.7% for 2,3,7,8-TCDD and 67.1% for 2,3,7,8-TCDF at 0.00% hydrogen peroxide, 

indicates the importance of the oxidant in PCDD/PCDF oxidative destruction  in 



supercritical water. Meanwhile at the oxidation conditions of 350 °C and 20 ± 2 MPa, 

the concentration of TCDD and TCDF isomers were reduced from 4017 ng kg-1 to 

2500 ng kg-1 and from 65 ng kg-1 to 37 ng kg-1 respectively, when the concentration of 

hydrogen peroxide was increased to 7.5%. 

The supercritical water oxidation of the PCDD/PCDF contaminated waste 

incinerator flyash, sewage sludge and industrial soil has been shown to be effective, 

with reductions of over 90% and in some cases, 100% removal. There did not appear 

to be any significant differences in the destruction efficiencies of the PCDD/PCDF in 

relation to the different sample matrices of the flyash, sludge and soil.  Although the 

sewage sludge and contaminated soil would have higher organic content compared to 

the flyash, there was no discernable difference in their PCDD/PCDF destruction 

efficiencies.  

At subcritical water conditions the efficiency of the oxidation process 

decreased. Greater destruction efficiencies of organic compounds can be achieved at 

higher temperatures, in the temperature range 600 °C to 650 °C [25]. There have been 

very few studies on the use of supercritical water oxidation of dioxins, mostly from 

studies in Japan [26-29]. Kawajiri et al [27] used supercritical carbon dioxide to 

extract dioxins from waste incinerator flyash, where extraction efficiencies of over 

99% were reported.  The extracted fraction containing dioxins was then subject to 

oxidation in subcritical and supercritical water. They reported that high destruction 

efficiencies of the dioxins in the flyash were obtained at high temperature 

hydrothermal conditions (10 MPa, 15 MPa pressures and 600 °C temperature) and 

also at supercritical water oxidation conditions (25 MPa pressure and temperatures of 

500 and 600 °C). Kawasaki et al [28] investigated the use of supercritical water 

oxidation to destroy polychlorinated biphenyls in high concentrations together with 



experiments with dioxins.  The dioxins was in the form of the octa-PCDD as a 

standard solution.  Experiments were carried out in a continuous flow reactor with 

residence times between 21 and 33 seconds at temperatures between 560 and 600 °C 

and pressures of 23.5 MPa.  They found that high levels of destruction efficiency were 

obtained for the dioxins from 99.794% to 99.999% depending on process conditions 

and dioxin concentration.  They also reported that the supercritical water oxidation of 

high concentrations of chlorinated wastes would generate significant concentrations of 

corrosive hydrogen chloride. They therefore suggested that corrosive resistant 

titanium-palladium metal alloys would be required for the reactor construction at 

temperatures above 380 °C.   Chen et al [30] investigated the hydrothermal processing 

of waste incinerator flyash for the decomposition of PCDD/PCDF. They investigated 

the influence of, addition of iron to the flyash, reaction time and cooling procedure 

after reaction on the decomposition of PCDD/PCDF.  They found a reaction time of 

one hour was satisfactory for PCDD/PCDF decomposition.  However, a major 

influence of iron addition was shown, where they reported a 46.17% (TEQ) 

decomposition rate for PCDD/PCDF on the flyash, but when iron was added, the 

decomposition rate increased to 90.33%.  Okajima et al. [29] reported on a dioxin 

treatment process involving extraction of dioxins from waste incinerator flyash and 

adsorption onto activated carbon.  The activated carbon was then treated by 

supercritical water oxidation to destroy the dioxins at 20 MPa and 500 °C. However, 

the oxidation treatment also oxidised the activated carbon. The decomposition 

efficiency of dioxins was more than 99%.  

In this present study, the maximum conditions of supercritical water oxidation 

was 450 °C and 33.5 MPa and with the highest hydrogen peroxide concentration 

which gave destruction efficiencies of the individual PCDD/PCDF isomers of mostly 



between 90 and 99%.  However, at lower temperatures and lower hydrogen peroxide 

concentrations, PCDD/PCDF isomer oxidation was much lower.  This is in contrast to 

the results reported by others where high destruction efficiencies of PCDD/PCDF 

were reported [27-29].  However, in the work of Kawajiri et al [27] and Okajima et al. 

[29] the PCDD/PCDF treatment process involved extraction of the PCDD/PCDF from 

the sample matrix as a first step, followed by oxidation under supercritical water 

conditions. Similarly, Kawasaki et al [28] examined supercritical water oxidation of  

PCDD/PCDF in the form of a standard solution of the octa-PCDD. In our work, the 

supercritical water oxidation was undertaken directly on the solid PCDD/PCDF 

contaminated environmental samples.  Consequently, matrix effects, such as strong 

adsorption of the PCDD/PCDF onto the sample and/or the ease of access of the 

reactants to the PCDD/PCDF which may be in the pores of the solid matrix are likely 

to influence the oxidation process.  In addition, others have used higher temperatures 

of reaction, of up to 600 °C [27, 28] to produce the very high destruction efficiencies 

for PCDD/PCDF compared to the conditions used in this work. The literature data 

suggests that to achieve the high destruction efficiencies of 99.9999% for 

PCDD/PCDF, high supercritical water oxidation conditions are required at 

temperatures of above 550 °C. 

 

4. Conclusions 

In this research, waste incinerator flyash, sewage sludge and contaminated industrial 

soil containing dioxins and furans have been processed under supercritical water 

oxidation conditions. The hydrothermal processing conditions were in relation to 

temperatures of between 350 °C to 450 °C, corresponding to pressures of ~20 MPa to 



33.5 MPa and with H2O2 concentrations from 0.0 to 11.25 vol.%.  The destruction 

efficiencies at subcritical water conditions (the lower temperatures and pressures) 

were not satisfactory in reducing the PCDD/PCDF concentration.  However, 

supercritical water oxidation of 450 °C and 33.5 MPa and with 11.25 vol.%. H2O2 

produced destruction efficiencies of the individual PCDD/PCDF isomers of between 

90 and 99%.  The destruction efficiencies were independent of the different types of 

sample matrices. The results suggest that for the almost complete destruction of 

PCDD/PCDF, high temperatures and pressure, well into the supercritical water 

oxidation conditions are required to achieve the high destruction efficiencies of 

99.9999%. 

 

Acknowledgements 

The author would like to thank the MARA (Majlis Amanah Rakyat) for the 

awarded of research student scholarship under SPC program to Safari Zainal. 

 



References 

 

[1] European Commission DG Environment, Compilation of EU dioxin exposure 

and health data, European Commission Directorate General Environment, 

European Commission, Brussels; 1999. 

[2] Tiernan TO, In, Choudhary G, Keith LM, Rappe C, (Eds.) Chlorinated 

dioxins and dibenzofurans in the total environment, Butterworth, London; 

1983. 

[3] Steisel N, Morris R, Clarke MJ. The impact of the dioxin issue on resource 

recovery in the United States. Waste Manag Res. 1987;5:381-394. 

[4] Brzuzy LP, Hites RA. Global mass balance for polychlotrinated dibenzo-p-

dioxins and dibenzofurans. Environ Sci Technol. 1996;30:1797-1804. 

[5] Cunliffe AC, Williams PT. Isomeric analysis of PCDD/PCDF in waste 

incinerator flyash by GC-MS/MS. Chemosphere. 2006;62:1846-1855. 

[6] Onwudili JA, Hajizadeh Y, Zainal S, Upton J, Williams PT. Application of 

low temperature CP-Sil 88 column for the isomeric analysis of toxic 2378-

substituted PCDD/Fs in incinerator flyash and sewage sludge using a triple 

quadrupole GC-MS/MS. Talanta. 2011;87:143-151. 

[7] Dyke PH, Foan C, Wenborn M, Coleman PJ. A review of dioxin releases to 

land and water in the UK. Sci Total Environ. 1997;207:119-131.  

[8] European Commission; Integrated Pollution Prevention and Control 

Reference Document on the Best Available Techniques for Waste 

Incineration. EC Commission, Brussels, Belgium; 2006. 

[9] Weerasinghe NCA, Gross ML, Lisk DJ. Polychlorinated dibenzodioxins and 

polychlorinated dibenzofurans in sewage sludges.   Chemosphere. 

1985;14:557–564. 

[10] Horstmann M, McLachlan MS, Reissinger M. Investigations of the origin of 

PCDD/F in municipal sewage sludge. Chemosphere. 1993;27:113 – 120. 



[11] Horstmann M, McLachlan MS. Polychlorinated dibenzo-pdioxins and 

dibenzofurans in textiles and their transfer to human skin, sewage sludge and 

other matrices. Organohalogen Cpds. 1994;20:251-254. 

[12] Horstmann M, McLachlan MS. Concentrations of polychlorinated dibenzo-

pdioxins and dibenzofuran in urban runoff and household wastewaters. 

Chemosphere. 1995;31:2887-2896. 

[13]. Alcock RE, Jones KC. Pentachlorophenol (PCP) and chloranil as 

PCDD/F sources to sewage sludge and sludge amended soils in the UK. 

Chemosphere. 1997;35:2317–2330. 

[14] Clarke B, Porter N, Symons R, Ades P, Marriott P, Dioxin-like compounds in 

Australian sewage sludge – Review and national survey. Chemosphere. 

2008;72:1215 – 1228. 

[15] Leung AOW, Luksemburg WJ, Wong AS, Wong MH. Spatial distribution of 

polybrominated diphenyl ethers and polychlorinated dibenzo-p-dioxins and 

dibenzofurans in soil and combusted residue at Guiyu, an electronic waste 

recycling site in Southeast China. Environ Sci Technol. 2007;41:2730–2737. 

[16] Colombo A, Benfenati E, Bugatti SG, Celeste G, Lodi M, Rotella G, Senese 

V, Fanelli R. Concentrations of PCDD/PCDF in soil close to a secondary 

aluminum smelter. Chemosphere. 2011;85:1719-1724. 

[17] Yang B, Chen Z, Zhang C, Dong J, Peng X. Distribution patterns and major 

sources of dioxins in soils of the Changsha-Zhuzhou-Xiangtan urban 

agglomeration, China. Ecotox Environ Safe. 2012;84:63-69. 

[18] Williams PT, Dioxins and furans from the incineration of municipal solid 

waste: an overview. J Energ Inst. 2005;78:38-48.  

[19] Williams PT, Onwudili JA. Destruction of environmental organic pollutants 

by supercritical water oxidation.  Environ Technol. 2006;27:823-834. 

[20] Onwudili JA, Williams PT. Hydrothermal gasification and oxidation as 

effective flameless conversion technologies for organic wastes. J Energ Inst. 

2008;81:102-109. 

[21] Onwudili JA, Radhakrishnan P, Williams PT. Application of hydrothermal 

oxidation and alkaline hydrothermal gasification for the treatment of sewage 

sludge and pharmaceutical wastewaters. Environ Technol. 2013;34:529-537. 

http://www.sciencedirect.com/science/journal/00456535


[22]  US EPA, Health assessment for 2,3,7,8-TCDD and related compounds. 

External review Draft, EPA/600/BP-92/001a-c, EPA, Washington;1994. 

[23] Eljarrat E, Sauló J, Monjonell A, Caixach J, Rivera J. Evaluation of an 

automated clean-up system for the isotope-dilution high-resolution mass 

spectrometric analysis of PCB, PCDD, and PCDF in food. J Anal Chem. 

2001;371:983–988. 

[24]  Holscher K, Maulshagen A, Shirkhan H, Lieck G, Behnisch PA. Automated 

rapid analysis for dioxins and PCBs in food, feeding stuff and environmental 

matrices, Organohalogen Cpds. 2004;66:117-125. 

[25] Shaw RW, Brill TB, Clifford AA, Franck EU. Supercritical water – a 

medium for chemistry,  Chem Eng. 1991;69:26 – 39. 

[26] Sako T, Sugeta T, Otake K, Sato M, Tsugumi M, Hiaki T, Hongo M. 

Decomposition of dioxins in flyash with supercritical water oxidation. J 

Chem Eng Jpn. 1997;30:744-747. 

[27] Kawajiri S, Okajima I, Sako T, Goto M. Decomposition process development 

of dioxins in the flyash by improved supercritical water oxidation method. 

Resour Process. 2002;49:70-81. 

[28] Kawasaki SI, Oe T, Anjoh N, Nakamori T, Suzuki A, Arai K. Practical 

supercritical water reactor for destruction of high concentration 

polychlorinated biphenyls (PCB) and dioxin waste streams. Proc Safe 

Environ Protec. 2006;84:317–324. 

[29] Okajima I, Kawasaki SI, Noguchi H, Sako T.  Decomposition of dioxins and 

PCBs with supercritical water. J Adv Res Phys. 2012;3:1-4. 

[30] Chen DZ, Hu YY, Zhang PF. Hydrothermal treatment of incineration fly ash for 

PCDD/Fs decomposition: the effect of iron addition. Environ Technol. 

2012;33:2517-2523  

 



 
Table 1. Percentage recovery of PCDD/PCDF from the analysis of the standard waste 
incinerator flyash compared to the certified value (BCR-490) 
 

Compounds  Result Cert. Value Recovery 

 (ng/kg) (ng/kg) % 

2,3,7,8 TCDD  185.67 169.00 109.86 

2,3,7,8 TCDF  794.81 900.00 88.31 

2,3,4,7,8 PeCDF  1698.94 1850.00 91.83 

1,2,3,7,8 PeCDD  748.90 670.00 111.78 

1,2,3,4,7,8 HxCDF  2154.23 2370.00 90.90 

1,2,3,6,7,8 HxCDF  2425.75 2640.00 91.88 

1,2,3,7,8 PeCDF  1487.96 1710.00 87.02 

1,2,3,4,7,8 HxCDD  786.02 950.00 82.74 

1,2,3,6,7,8 HxCDD  447.37 480.00 93.20 

1,2,3,7,8,9 HxCDD  2437.43 2840.00 85.83 

1,2,3,4,6,7,8 HpCDF  6267.24    

1,2,3,7,8,9 HxCDF  366.89 340.00 107.91 

2,3,4,6,7,8 HxCDF  2335.59 2470.00 94.56 

1,2,3,4,6,7,8 HpCDD  3005.25    

1,2,3,4,7,8,9 HpCDF  2544.67    

OCDF  5537.59    

OCDD  6002.23    

 



Table 2 Percentage recovery of PCDD/PCDF from the analysis of the standard sewage sludge 
compared to the certified value (BCR-677) 

Compounds  Result Cert. Value Recovery 

 (ng/kg) (ng/kg) % 

2,3,7,8 TCDD  1.440 1.510 95.36 
2,3,7,8 TCDF  47.490 45.000 105.53 
2,3,4,7,8 PeCDF  14.161 16.900 83.79 
1,2,3,7,8 PeCDD  3.527 4.100 86.02 
1,2,3,4,7,8 HxCDF  15.390 14.500 106.14 
1,2,3,6,7,8 HxCDF  5.840 6.100 95.74 
1,2,3,7,8 PeCDF  26.070 24.800 105.12 
1,2,3,6,7,8 HxCDD  244.890 235.000 104.21 
1,2,3,7,8,9 HxCDD  68.350 79.000 86.52 
1,2,3,4,6,7,8 HpCDF  57.950 61.600 94.08 
1,2,3,7,8,9 HxCDF  0.740 0.840 88.10 
2,3,4,6,7,8 HxCDF  4.930 5.600 88.04 
1,2,3,4,6,7,8 HpCDD  2.950 3.500 84.29 
1,2,3,4,7,8,9 HpCDF  7.010 6.300 111.27 
OCDF  204.270 177.000 115.41 
OCDD  13.870 12.700 109.21 

 

 

 

 

 

 

 



Table 3 Percentage recovery of PCDD/PCDF from the analysis of the standard 
industrial sandy soil compared to the certified value (BCR-529) 

Compounds  Result Cert. Value Recovery 

 (ng/kg) (ng/kg) % 

2,3,7,8 TCDD  4017.00 4500.00 89.27 
2,3,7,8 TCDF  64.93 80.00 81.16 
2,3,4,7,8 PeCDF  296.61 360.00 82.39 
1,2,3,7,8 PeCDD  362.76 440.00 82.45 
1,2,3,4,7,8 HxCDF  2892.30 3400.00 85.07 
1,2,3,6,7,8 HxCDF  895.44 1090.00 82.15 
1,2,3,7,8 PeCDF  168.07 150.00 112.05 
1,2,3,4,7,8 HxCDD  1150.08 1220.00 94.27 
1,2,3,6,7,8 HxCDD  4506.69 5400.00 83.46 
1,2,3,7,8,9 HxCDD  2460.29 3000.00 82.01 
1,2,3,4,6,7,8 HpCDF  2271.68 

 
  

1,2,3,7,8,9 HxCDF  17.65 20.00 88.25 
2,3,4,6,7,8 HxCDF  300.11 370.00 81.11 
1,2,3,4,6,7,8 HpCDD  7686.50 

 
  

1,2,3,4,7,8,9 HpCDF  3074.19 
 

  
OCDF  3583.87 

 
  

OCDD  4821.00 
 

  

 

  

 
 

 



Figure Captions 
 

Figure1. Schematic diagram of the supercritical water oxidation reactor. 

Figure 2. Total oxidation of individual isomers of PCDD/PCDF without and with the presence 
of various concentrations of H2O2 at a temperature 450°C and pressure of 33.5 ± 2 MPa for fly 
ash. 

Figure 3. Reduction of 2,3,7,8-TCDD and 2,3,7,8-TCDF at different temperature, pressure 
and H2O2 concentration for fly ash 

Figure 4. Total oxidation of individual isomers of PCDD/PCDF without and with the presence 
of various concentrations of H2O2 at a temperature 450°C and pressure 33.5 ± 2 MPa for 
sewage sludge. 

Figure 5. Reduction of 2,3,7,8-TCDD and 2,3,7,8-TCDF at different temperature, pressure 
and H2O2 concentration for sewage sludge 

Figure 6. Total oxidation of individual isomers of PCDD/PCDF with and without the presence 
of various concentrations of H2O2 at a temperature 450°C and pressure 33.5 ± 2 MPa for 
industrial soil 

Figure 7. Reduction of 2,3,7,8-TCDD and 2,3,7,8-TCDF at different temperature, pressure 
and H2O2 concentration for industrial soil 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure1. Schematic diagram of the supercritical water oxidation reactor. 
 

 
 

 

Thermocouple

Furnace

PCDD/PCDF waste 
sample in water

Pressure 
Gauge

Gas 
Inlet/Outlet 

Furnace

Gas 
Inlet/Outlet 



 

Figure 2. Total oxidation of individual isomers of PCDD/PCDF without and with the presence of various concentrations of H2O2 at a temperature 450°C and 
pressure of 33.5 ± 2 MPa for fly ash
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Figure 3. Reduction of 2,3,7,8-TCDD and 2,3,7,8-TCDF at different temperature, pressure and 
H2O2 concentration for fly ash 
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Figure 4. Total oxidation of individual isomers of PCDD/PCDF without and with the presence of various concentrations of H2O2 at a temperature 450°C and 
pressure 33.5 ± 2 MPa for sewage sludge  
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Figure 5. Reduction of 2,3,7,8-TCDD and 2,3,7,8-TCDF at different temperature, pressure and 
H2O2 concentration for sewage sludge 
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Figure 6. Total oxidation of individual isomers of PCDD/PCDF with and without the presence of various concentrations of H2O2 at a temperature 450°C and 
pressure 33.5 ± 2 MPa for industrial soil
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Figure 7. Reduction of 2,3,7,8-TCDD and 2,3,7,8-TCDF at different temperature, pressure and 
H2O2 concentration for industrial soil 
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