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FOREWORD 

Volatile Organic Compounds (VOC) and Polyaromatic Hydrocarbons (PAH) are emitted in 
different processes, mostly combustion-based ones applied in power, chemical and metallurgical 
industries, municipal wastes incineration, etc. Many of them are persistent in environment, so called 
Persistent Organic Pollutants (POPs). They are responsible for ozone layer depletion, ground level and 
photochemical smog formation, contribute to the greenhouse effect, most of them being carcinogenic 
or/and mutagenic. International treaties have been signed concerning persistent organic pollutants 
emission control. Unfortunately, there are not many technologies available to treat vast quantities of 
off-gases containing organic pollutants in lean concentrations. Some tests performed in different 
countries have shown that electron beam technology can be a promising technique in these 
applications. Good removing efficiency for chlorohydrocarbons, dioxins and PAH was demonstrated 
in the laboratory scale. Different hybrid techniques like eb/absorption or eb/catalysis were studied as 
well. However, due to the different product formation, this technique should be studied carefully 
further concerning process mechanism, analyses of products and possible technical solution 
applications.  

 
A Consultants Meeting organised in Vienna in 2001 to discuss the issues on “Removal of 

volatile organic compounds from exhaust gases by electron beam treatment” recognised the need for 
further research and development in this field. Laboratory methods have to be developed and validated 
for the comparative evaluation of degradation effects of organic pollutants in gaseous phase by 
different analytical techniques. The meeting formulated a coordinated research project (CRP) proposal 
on the effectiveness of electron beam treatment for organic pollutants destruction including new 
analytical techniques for by-product identification. The project addresses one of the critical 
environment pollution problems, which is far away from final solution and electron beam process, 
may be one among few technologies leading to the progress in the field. 

 
The present CRP aiming at development of laboratory and pilot plant methodologies for 

comparative evaluation of degradation effects of organic pollutants in gaseous phase. Theoretical and 
experimental investigations of the mechanisms of the processes are part of the research work. 
Limitation of formation of toxic byproducts, modification of physical and chemical properties, 
application of hybrid processes (eb/catalytist) are important topics for further development under the 
CRP.  

 
The CRP has been launched with the objectives of developing analytical techniques for better 

understanding of degradation effects of organic pollutants in gaseous phase and technologies 
(processing conditions) to control these emissions. It is anticipated that through collaborative and 
cooperative research efforts of the participants, new analytical methods to study the process and 
strategies to apply electron beam to address these emissions will be developed.  

 
The first RCM of the CRP took place at the Agency’s Headquarters in Vienna, from 23 to 27 

May 2005. The meeting summarized the current status of investigations in this field and 
discussed the ways to meet the CRP goals. All participants were encouraged to make use of 
the available arsenal of the CRP participants. The networking and sub-groups activities were 
defined to enhance cooperation among participants. 

 
The IAEA wishes to thank all the participants in the CRP for their valuable contributions. The 

IAEA officer responsible for this publication was A.G. Chmielewski of the Division of Physical and 
Chemical Sciences. 
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EXECUTIVE SUMMARY 

1. BACKGROUND 

 
Volatile Organic Compounds (VOC), including Polyaromatic Hydrocarbons (PAH) are emitted 

in different industrial processes, mostly combustion and incineration. Some of them are quickly 
destroyed in the environment, others persist for a long time. Persistent Organic Pollutants (POPs) pose 
a risk of causing adverse effects to human health and the environment. Most POPs are of 
anthropogenic origin. Anthropogenic emissions are associated with industrial processes, product use 
and applications, waste disposal, leaks and spills, combustion of fuels, and waste incineration. Many 
POPs are relatively volatile, therefore their remobilization and long-distance redistribution through 
atmospheric pathways often complicates the identification of specific sources. As a result of the 
tendency of POPs to move from warmer to colder environment even the Arctic ecosystem is exposed 
to some POPs at levels of concern.  

 
International treaties have been signed concerning persistent organic pollutants emission 

control. The objective of the POPs Protocol is to control, reduce, or eliminate discharges, emissions 
and losses of POPs to the environment. There is no complete information regarding emission of these 
pollutants to the atmosphere. Chlorinated aliphatic and aromatic hydrocarbons, which are emitted from 
coal-fired power stations, waste incinerators and chemical fabrication industries, are very harmful to 
the environment and human health. Recent studies show that chlorinated aliphatic and aromatic 
hydrocarbons are suspected to be the precursors of dioxin's formation.  

 
The Agency has organized many meetings and Coordinated Research Projects (CRPs) in which 

trends and new developments concerning radiation technologies’ applications for environmental safety 
were discussed. Recent developments in this field were elaborated by representatives of industry, 
universities and research institutes during the International Meeting on Radiation Processing (IMRP), 
held in Chicago, U.S.A, in September 2003. Electron beam (EB) treatment is a promising technology 
for removal of low concentration Cl-VOC contained in flue gases. This is because chloroethylenes 
have low ionization potential and high electron capture cross section.  Chlorinated methane and 
ethylene have been successfully studied by using this technology. Good removing efficiency for 
chlorohydrocarbons, dioxins and PAH was demonstrated in the laboratory scale. Different hybrid 
techniques like eb/absorption or eb/catalysis were studied as well. However, due to the different 
products’ formation, this technique should be studied carefully further concerning process mechanism, 
analyses of products and possible technical solutions’ applications. The proposed CRP will address all 
these subjects. 

 

2. HEALTH RISKS ASSOCIATED WITH VOLATILE ORGANIC COMPOUNDS (VOCS) 

 
Volatile Organic Compounds (VOCs) are organic compounds that vaporize at relatively low 

temperatures and are, in many cases, not detectable by taste, sight, or smell.  The combination of these 
characteristics makes them extremely dangerous in the environment and their adverse affects on 
humans is a topic of concern.  VOCs are emitted by a number of sources including:  burning fuel 
(gasoline, oil, wood coal, natural gas, etc.), pesticides, herbicides, solvents, paints, glues, and many 
other products used within businesses and households.  A few examples of harmful VOCs include 
benzene, toluene, methylene chloride and methyl chloroform.  VOCs are often toxic and present 
immediate health risks. 

 
The three means of human exposure to VOCs are inhalation, ingestion, and skin contact.  In 

each case the extent of the health risk is directly related to the intensity and duration of the exposure.  
Although these risks are present for all individuals, children and the elderly often experience the worst 
symptoms. 
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While inhalation and skin contact are dangerous on their own, ingestion through water 
contamination is the most prominent means of exposure. This contamination can occur through 
industrial leakage, spillage or illegal disposal, runoff of pesticides and herbicides, and disinfection by-
products (DBPs). This broad range of contaminant sources allows VOCs to be a threat to all areas, 
both rural and urban.  Approximately 90% of all US drinking water is treated with chlorine and it can 
be assumed that nearly all of this water contains harmful DBPs, such as trihalomethanes. In a recent 
study performed by the Environmental Working Group, 28 of 29 cities tested were reported to have 
multiple VOCs present in their drinking water. In addition to this, VOCs react with nitrogen oxides 
and sunlight to form ground-level ozone, which leads to higher levels of smog. 

 
The health risks from exposure to VOCs are quite broad.  Some VOCs are harmless, while 

others are carcinogenic.  The lesser and more immediate symptoms caused by VOCs include eye, nose 
and throat irritation, headaches, loss of coordination, and nausea.  However, VOCs can also contribute 
to nerve, liver, and kidney damage.  In extreme cases, such as prolonged exposure to benzene found in 
vehicle exhaust, VOCs can lead to cancer.  Clearly, the numerous types of VOCs combined with their 
multiple means of exposure make them extremely hard to study and monitor.  In most cases 
individuals are exposed to more than one VOC and therefore the effects cannot be completely 
attributed to a single compound.  Regardless of this difficulty, it is documented that VOCs are a great 
risk to human health and their emission into the atmosphere must be monitored and regulated. 

 
Volatile organic compounds (VOCs) are ubiquitous compounds which have a vapour pressure > 

0.1 mm Hg under standards conditions (20oC and at 1atm pressure). Most of these compounds 
participate in photochemical reactions in the atmosphere. VOCs must be removed from industrial 
waste streams to meet the increasing stringent regulations of discharge limits. The principal competing 
technologies for the removal of VOCs from gaseous and aqueous phase waste streams include 
incineration, concentration by filtering/collection systems and biological treatment. Incineration 
installations are relatively expensive (more than US$5M per unit installation) and are now considered 
environmentally undesirable. Filtering/collection systems leave a significant highly toxic residue that 
must be disposed of at considerable ongoing additional cost. On the other hand, electron beam 
treatment of waste produces little or no toxic residue. The biological treatment is relatively slow and 
subject to contamination, and some kinds of chemicals cannot be biologically degradable. 

2.1. Sources of emission: 

 
The VOCs origin can be biogenic and anthropogenic. 
 
The main anthropogenic sources of emissions are: 
 

 Combustion-based sources applied in power, chemical and metallurgical industries, 
municipal waste incineration 

 Road traffic and airport emissions  
 Solvents used in industry and other applications 
 Toxic gases from the chemical processing industry 
 Burning of fossil fuels 

 
The main sources of the chlorinated aliphatic and aromatic hydrocarbons are coal-fired power 

stations, waste incinerators, and chemical fabrication industries. 
 
Adverse biological effects 
 
VOC/PAH compounds can transform inside the organism into electrophilic diolepoxides of the 

benzoic ring, which can then interact with biological compounds such as nucleic acids and proteins 
and obstruct their regular metabolic functions. These adverse biological effects can be summarized as 
follows: 
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• toxic responses elicited by exposure 
• adverse reaction with biological receptors 
• developmental and neurological impacts on children 

 
The environmental exposure health issues are: 
 

• food chain contamination (bioaccumulation) 
• wildlife reproductive effects 
• some of VOCs have long environmental residence time due to chemical inertness and 

thermal stability 

2.2. Regulations 

 
Currently there is no regulation concerning PAH emission into the atmosphere, probably due to 

the uncerntainity of their protocol of analysis. In 2003, a proposal was introduced at the EU Parlament 
concerning benzo(a)pyrene (BaP) content in the ambient air. According to this proposal, the level of 
BaP in the atmosphere for good air quality should be lower than 1[μg/Nm3]. 

2.3. Treatment technologies 

 
The main treatment technologies are: 
 
• Incineration and combustion - leads to emission of hazardous products 
• Aerobic microorganisms - molecules must first be sufficientlydechlorinated 
• Anaerobic microorganisms - treatment time very long and dependent on matrix 
• Adsorption - solid waste formation 
• Absorption  - liquid and solid waste formation 
• Catalytic oxidation 

 
2.3.1. Electron beam (EB) technology: 
 
High-energy electrons are capable of destroying the following compounds in gas phase and 

organic liquid and aqueous solutions: 
 

 Chlorinated Olefins: such as trichloroethylene, chloroform, tetrachloroethylene, methylene 
chloride, 1,1-dichloroethane, 1,2-dichloroethane, trans-1,2-dichloroethane, 
1,1,1-tetrachloroethane, vinyl chloride, carbon tetrachloride. 

 Aromatic Compounds: such as benzene, toluene, phenol, m-xylene, o-xylene, 
ethylbenzene, styrene 

 Chlorinated Aromatic Compounds:  chlorobenzene, polychlorobenzene. 
 Organic solvents: methanol, methylene ketone, ethylene glycol, hexane, formaldehyde, 

formic acid  
 Nitro Esters: nitroglycerin, triethylene glycol dinitrate. 
 Chemical warfare agents: Sarin, Tabun, VX, Soman, Cyanide, Mustard/Blistering agents 
 All monomers used in polymerization industry such as plastics and tyres 
 Polycyclic Aromatic Compounds 
 others 

 
The principal effect of electron treatment of aqueous solutions and gase phases is to produce a 

high yield of reactive oxidizing intermediates (especially the hydroxyl radical) and several of the 
major radiolytic reducing intermediates (the hydrated electron and hydrogen atom). 
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2.3.2. Pretreatment strategies 
 
In some cases, prior to irradiation, it would be advisable to concentrate the contaminant in order 

to increase the efficiency of the EB treatment. 
 
Over the past two decades there has been an enormous amount of work performed by dozens of 

laboratories throughout the world related to EB and other advanced oxidation technologies. The 
following are some research institutions that are conducting research on the electron beam treatment 
and removal of VOC and other pollutants at various levels of research and processing: 

 
 Japan Atomic Energy Research Institute (JAERI) Japan 
 Innovative Environmental Technology Center, Konkuk University-Republic of Korea 
 Malaysian Institute for Nuclear Technology Research Malaysia  (MINT) 
 Institute of Nuclear Energy and Technology, Tsinghua University (China) 
 Institute of Environmental Protection Engineering, China Academy of Engineering 

Physics  
 Institute of Nuclear Chemistry and Technology  (Poland) 
 National Institute for Laser, Plasma and radiation Physics (Romania) 
 Polytechnic University (Romania) 
 Ludwig Boltzman Institute of Radiation Chemistry and Radiation Biology (Austria) 
 University of Maryland (USA) 
 Kernforschungszentrum Karlsruhe GmbH (Germany) 
 National Institute of Standards and Technology (USA)  
 Lawrence Livermore National Laboratory and Idaho National Engineering Laboratory 

(USA) 
 Institute of Physical Chemistry, Russian Academy of Science (Russia) 
 University of Vienna, Austria 
 Brasil  

 

3. AREAS OF DEVELOPMENT 

 
Research and development in the field of electron beam technology cover the following four 

areas: 

3.1. Fundamental research 

 
There is a large body of literature in this field. The main focus of this area is to elucidate the 

reaction mechanisms of the process and increase its efficiency by changing radiation conditions and 
including additives.   

 
3.1.1. Gaseous phase 
 
Electron beam energy is mainly absorbed by flue gas components, such as N2, O2, and H2O, 

during irradiation of dilute organics in flue gas. As the primary products of the energetic (primary and 
secondary) electrons interact with the basic components of gas mixture, leads ions (like N2

+, O2
-, 

H2O+), atoms (N, O), radicals (OH●, HO2
●), and excited-state species are produced. When energy of 

100 [eV] is absorbed by a gas mixture, active species are created stoichiometrialy as follows: 
 
4,43 N2  → 0,29 N2* + 0,885 N(2D) + 0,295 N(2P) + 1,87 N(4S) + 2,27 N2

+ + 0,69 N+ + 2,96 
ethr

─  
5,377 O2 →0,077 O2* + 2,25 O(1D) + 2,8 O(3P) + 0,18 O* + 2,07 O2

+ + 1,23 O++ 3,3 ethr
─    
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7,33 H2O → 0,51 H2 + 0,46 O(3P) + 4,25 OH● + 4,15 H + 1,99 H2O++ 0,01H2
++ 0,57 OH+ + 

0,67H+ + 0,06 O+ + 3,3 ethr
─    

 
The symbol star (*) stands for excitation state.  
 
The charge transfer reaction mainly occurs between N2

+ and O2 molecules. 
 

N2
+  +  O2 → N2  + O2

+    
 
The O2

+   formed in reactions [2] and [4] produces water cluster ions. 
 

O2
+  +  n H2O → O2

+ (H2O)n  ] 
The resulting O2

+ (H2O)n ions cause dissociation reaction of water cluster ions to produce OH 
radicals. 

O2
+ (H2O)n → H3O+(H2O)n-2  +  O2  +  OH● 

 
Secondary (thermalized) electrons (ethr

─) formed in the reaction [1]-[3] are scavenged with O2 
and H2O and halogenated hydrocarbon molecules 

 
ethr

─   +  O2  +  M→O2
─   +  M 

O2
─  +  nH2O  +  M→O2

─ (H2O)n  +  M 
ethr

─  +  CxHyXz→Cl─   +  Products 
 
Here the symbol M stands for a third body (such as N2). 
 
These ions are neutralized to produce H, HO2, O radicals and O3. 
 

H3O+  +  O2
─→H +  O2  +  H2O  HO2

●  +  2H2O 
O2

─ +  O2
+ →O  +  O3 O2*  +  O2 2O +  O2 
O +  O2  +  M →O3  +  M 

 
A part of ozone is decomposed into O2 molecules via the reaction with O radicals, as well as to 

radical anions O─
3, etc.  The reactions initializing the decomposition process of organic compounds 

are supposed to be analogical with those taking a place in the troposphere: organic compounds react 
with primary and secondary produced OH radicals, as well as with secondary products of chain 
reactions in an irradiated mixture like O3, NO3 and N2O5 

 
Electron beam radiolysis of water vapour leads to a higher yield of primary free radicals (see 

Table 1). This is because the probability of the free radicals escaping from the spurs in the gas phase is 
much higher than escaping the spurs of the liquid phase. However, the electrons, hydrogen atoms, and 
vapour react with oxygen very rapidly (high reaction rate constants of 1012 L/mol s). 

 
H + O2 → HO●

2 
e- + O2 → O2

─ 
 
3.1.2. Aqueous solution  
 
Ionizing radiation is absorbed in water in 10-15 s leading to the formation of electronically 

excited water (H2O*) as well to ionized water molecules (H2O+, e-): 
 

H2O   -- H2O* 
 H2O+ + e-

 



 
 

6 
 

 
The primary formed electrons are a highly energetic species and are able to induce further 

excitation and ionization processes. Finally they are thermalized reaching energy lower than 10 eV 
and become solvated (e-

aq). 
 
Simultaneously, the electronically excited water molecules (H2O*) can undergo dissociation into 

H and OH radicals, and H2O+ specials can lead to the additional formation of OH radicals (eq.2a).  
 

H2O*        H   +   OH 
H2O+  +  H2O   OH + H+

aq 
 
In principle, ionizing radiation generates the following species in water: 
 

H2O    •OH, H, e-
aq , H2, H2O2, H3O+  

 
The e-

aq and H-atom are reducing species.  In particular, the hydrated electron ( e-
aq ) is the 

strongest reducing agent known (standard reduction potential = 2.9 V). Hydrated electrons are a strong 
reducing agents whose reactivity is dependent upon the availability of a suitable vacant orbital. The 
reactivity of the aqueous electron is enhanced by electron withdrawing substituents adjacent to double 
bonds or attached to aromatic rings where bond breakage occurs very rapidly through a dissociative 
electron capture process, e.g.:  

 
eaq

-  +  RX  →  (RX)-  →  R•  +  X- 
 
Because of its high reactivity with carbon-halogen and C-CN bonds, the solvated electron has 

the potential to be effective even when other organic species are present in much higher 
concentrations. Since most of the chemical warfare agents have CN, C-Cl or CHO groups, the 
hydrated electron has the most efficient destruction of chemical warfare agents. 

 
On the other hand, the hydroxyl radical (•OH) is a powerful oxidant, which adds to unsaturated 

bonds at rates near the diffusion-controlled limit and readily exstracts H from C-H bonds. Because of 
its high reactivity, •OH is an efficient species in degrading all contaminants that are present in 
wastewater or drinking water.  Because of its high reactivity as a very powerful oxidant to any organic 
solute, the •OH radical is largely scavenged by the dominant organic material and is unavailable to 
react with the trace contaminant.  

 
3.1.3. Radiolysis of water in aqueous solutions 
 
The primary products of water radiolysis in the gas phase are completely different (will be 

added later). 

TABLE I. THE PRIMARY PRODUCTS AND THEIR G-VALUES 

G-values Primary products H2O liquid  H2O gas 
e-

aq
 2.70 3.0 

H 0.60 7.2 
OH 2.80 8.2 
H2 0.45 0.5 
H2O2 0.72 0 

 
In the presence of inorganic or organic substances, the primary products of water radiolysis  

react with the solutes according to their specific rate constants. 
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The resulting intermediates are involved in further processes finally leading to degradation of 

pollutants by oxidation or reduction, etc. By means of pulsed radiolysis and electron spin resonance 
(ESR), it is possible to characterize the intermediates produced under the influence of radiation. Based 
on this data, in combination with chemical analysis (HPLC, MS), it is possible to get a deeper insight 
into the reaction mechanism. Such data is needed in order to optimize the technical procedure. 

 
3.1.4. Implementation of microwaves irradiation 
 
Microwave radiation (MWR) with a frequency of 2400 Hz is a widespread radiation source 

usually applied for domestic purposes. In many cases this technology is also implemented as a 
radiation source for inducing chemical reactions. Recently, it has been used as a source for 
degradation of toxic pollutants. Organic components in aqueous solution or in vapour can be 
decomposed by treatment with MWR. This effect is based on the fact that water molecules are 
decomposed to H and OH radicals and under the influence of MWR: 

 
H2O   H + OH 

(MWR) 
 
In the presence of oxygen, HÓ2/Ó2 species are formed: 
 

H + O2  HO2 
 

HÓ2  → 
←  H+ + Ó2  (pK = 4.8) 

 
Hence, under such conditions the oxidizing species (OH, HÓ2, Ó2) lead to pollutant degradation. 

By combining EB treatment with MWR, strongly induced degradation effect is observed. 
 
The combustion of fossil fuels in power plants produces enormous quantities of carbon dioxide 

(CO2), which is then discharged into the atmosphere. Therefore, they are largely blamed for the 
climate change. However, it can be separated from the flue gases by appropriate techniques and 
subsequently used as a raw material for chemical synthesis under irradiation. Several processes 
performed in laboratory scale have shown that CO2 can be utilized for making value-added products, 
e.g. formation of amino acids and proteins in aqueous solution containing amines and CO2, salicylic 
acid by carboxylation of phenol, as well as malonic acid/ malonate by incorporation of CO2 in acetic 
acid, etc. These, and other examples, demonstrate useful pathways for CO2 utilization. On the other 
hand, studies showed that the mixture of CO2 / CH4 can be converted into CO/H2 (synthetic gas) under 
irradiation in the presence of catalysts. 

 

4. LABORATORY AND PILOT-SCALE RESEARCH WORK  

 
Due to the lack of flexibility of industrial facilities, pilot scale plants are very useful to 

strategize further technology up-scaling. The pilot-scale researches for the decomposition of toxic 
gaseous organic compounds in gas stream have been performed by electron beam (EB) irradiation in 
various countries.  

4.1. VOCs 

 
4. 1.1 Aromatic hydrocarbons 
 
The research performed in KFK for the oxidation of xylene and ethyl benzene as aromatic 

VOCs in gas steam has been examined using electron beam. Research on the decomposition of several 
kinds of aromatic VOCs has been continued by JAERI to obtain the decomposition ratios of VOCs 
and the carbon-based yield of products (aerosols, gaseous organics and inorganic carbons). 
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As a result, their decomposition ratios became higher as the reaction rate constant of OH 

radicals increased. The yields of aerosols were 40-50% of decomposed aromatic VOCs. Moreover, the 
major components of aerosols of chlorobenzene were organic aldehyde and acid without benzene 
rings, and the mean diameters of aerosols were 60-110 nm for 10-40 ppmv chlorobenzene.  The 
oxidation mechanism of aromatic VOCs under different temperatures was examined by Konkuk 
University. 

 
For the purification of aromatic VOCs/air mixtures (reduction of organic carbon 

concentrations), oxidation-resistant aerosols should be removed from the gas-phase and otherwise 
oxidized into COx by catalytic oxidation processes. The decomposition of gaseous toluene in air was 
studied using a hybrid system of EB irradiation and a catalyst by Konkuk University. 

 
4.1.2 Halogenated hydrocarbons 
 
Chloroethylenes such as TCE and PCE have been found as major contaminants for groundwater 

and soil at industrial areas and old factory sites. These contaminants have been removed from the 
groundwater and soils by treatment with aeration. Chloroethylene in stripped air can be decomposed 
by EB technologies. 

 
The degradation of chloroethylenes in air under EB irradiation was performed by research 

groups in the USA and Germany. Chloroethylenes of PCE, TCE, and DCEs at initial concentrations of 
a few tenths ppmv were oxidized into primary products (chloroacetyl chlorides, carbonyl chloride, and 
formyl chloride) through Cl-atom chain oxidations at doses of a few kGy. The detailed decomposition 
reactions of chloroethylenes, such as chain initiation reactions and chain termination reactions, were 
examined based on the decomposition ratios of chloroethylenes at different initial concentrations by 
JAERI. They examined the effects of dose rate and inner surface area to volume (S/V) of an irradiation 
vessel on the chain termination based on the decomposition of chloroethylenes by ionizing radiation 
with different dose rates. The dose for the purification of chloroethylenes/air mixtures can be reduced 
by the subsequent treatment of mineralization of primary products in alkaline solution after irradiation. 

 
The decomposition of dichloromethane and carbon tetrachloride in different base gases was 

performed by JAERI. 
 
The radiation-induced decomposition of dichlorinated aliphatic and aromatic pollutants in 

drinking water and wastewater has been intensively investigated in Austria. 
 
4.1.3 Odorous VOCs 
 
Some odorous VOCs, such as Methyl merchantman (MM) and dimethylsulfide (DMS) have 

been studied at Konkuk University and the Malaysian Institute for Nuclear Technology Research. 
 
4.1.4. Polycyclic aromatic hydrocarbons (PAHs) 
 
The pilot plant experiment carried out for PAHs has examined the influence of electron beam on 

the 16 PAHs present in flue gas from coal combustion by INCT. 
 
4.1.5. Halogenated PAHs (HPAHs) 
 
A few studies by KFK have been experimentally and theoretically conducted for the EB 

treatment of PCDD/Fs in combustion gases (85 oC) from a model incinerator. The research by JAERI 
was performed on degradation of PCDD/Fs in combustion gases (200 oC) from actual fuel gases from 
a commercial solid waste incinerator. The 90% decomposition of initial PCDD/Fs concentrations was 
achieved at above 15 kGy. 
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5. ELECTRON BEAM FUE GAS PURIFICATION TECHNOLOGY – UP-SCALING  AND 
DEVELOPMENT  

 
Electron beam technology for flue gas purification was invented in Japan in the 1970’s.  The 

process has been investigated intensively in several countries in the world (Japan, Germany, USA and 
Poland) and finally applied successfully in industrial scale in China for SO2 removal  (technology 
developed by Japan1999) and in Poland (2002) for simultaneous SO2 and NOx (Polish development) .  

 
The technology is based on radiation chemistry: in the presence of active species produced in 

EB irradiated flue gas (OH, O, HO2) and water, SO2 and NOx are transformed into HNO3 and H2SO4. 
These acids in the presence of added ammonia are transformed into a mixture of NH4NO3 and 
(NH4)2SO4, which is used as a fertilizer. Comparing with other processes, EB has a lower operation 
cost, removes SO2 and NOx simultaneously, has a high desulfurization efficiency, produces no new 
pollutants, creates byproducts applied as fertilizer, and has better flue gas burthen tracking abilities. 

5.1. Development in China 

 
The research on EA-FGD processes in China started from the middle of the 1980’s. Shanghai 

Institute of Nuclear Research (SINR), a division of the Chinese Academy of Science (CAS), first 
started bench scale research with the capacity of 25 Nm3/h. The removal of SO2 and NOx obtained in 
this research were over 92% and 77.5%, respectively, at a flue gas temperature of 70ºC and dose of 17 
kGy.  The powder by-product mainly consists of (NH4)2SO4 and (NH4)2SO4·2NH4NO3. The Institute 
of Environmental Protection Engineering (IEPE) of the China Academy of Engineering Physics 
started to develop EA-FGD processes in the middle of 1990’s, and after a series of laboratory 
experiments and theory analysis a pilot plant was completed in 1999. At present, IEPE is constructing 
an industrial scale demonstration installation at a power plant in a Beijing suburb. 

 
The industrial demonstration plant is located at the Jingfeng thermal power plant of Beijing and 

EA-FGD processes are adopted. The maximum flue gas flow designed is 630,000Nm3/h and the 
removal efficiencies designed of SO2 and NOx are 90% and 20% respectively. The difference from 
other similar plants in China is the placement of a flue gas sedimentation box between the reactor and 
byproduct collector ESP, which is used to collect part of byproducts.  The flue gas retention time is 
prolonged, and the burthen of by products for collector ESP is reduced.  

 
By-product collector ESP adopts some special measures which were elaborately developed by 

us based on the pilot plant, such as a small frame and multilevel vibration mode, specialized electrode 
mates, current and voltage power supplies used in series, etc. Three electron accelerators are adopted 
in series mode and the electron energy is 1.0MeV-1.2MeV. The matching technology of electron beam 
dosage and flue gas flow state is used in the reactor vessel design. The air flow for cooling titanium 
foil is organized in series mode, and the air is finally injected into reactor vessel. This will remarkably 
reduce the energy lost in two titanium foils and increase the removal efficiency. 

5.2. Development in Poland 

 
The process has been investigated in Poland for simultaneous SO2 and NOx since the 1980’s.  

At first stage, the laboratory scale installation with the capacity of 400 [dm3/h] was designed and put 
into the operation in 1989. As the next step, pilot plant installation with the capacity up to 20 000 
[Nm3/h] was designed, built at the coal-fired power station Kawęczyn, and put into operation in 1992. 
The process has been optimized at the pilot scale and some new solutions, like the use of an 
electrostatic precipitator for by-product separation or economically profitable double irradiation, have 
been found. The optimization result has been used for an industrial demonstration plant design which 
was built in the late 1990’s.  
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The EB demonstration installation started to operate in 2002 treating 270 000 [Nm3/h] of flue 
gas, the initial concentrations of  2000 [mg/Nm3] SO2 and 400-600 [mg/Nm3] NO are removed with 
high efficiency 95% and 70%, respectively. 

5.3. Recent EB technology improvement 

 
The technology has been proved as an effective process for simultaneous removal of two key 

acidic pollutants and at the next stage it should be examined from the point of further application for 
organic compounds as well.  

 
5.3.1. Energy saving development 
 
The new semi–dry EB process, developed by the Institute of Nuclear Energy Technology 

(INET), Tsinghua University in China, could reach this goal with high efficiency, low capital and 
operation cost without second pollutants. The flue gas from a boiler passes ESP and is directed to the 
spray column where it is cooled down and humidified as required. Simultaneously the liquid from the 
trap tower with by-product in liquid phase, is dried by the heat flue gas. Dried by-product is collected 
at the bottom of the spray drier as the fertilizer. The flue gas is then irradiated by the use of a 0.6 MeV 
40 kW accelerator and/or a 20 kHz 50 kW corona and flows into the trap tower, where the fine 
particles, leakage NH3, ammonium sulfate, and all others are absorbed in the liquid phase.  The liquid 
is then pumped back to the spray drier. The flue gas is emitted through the chimney into the air. The 
inlet SO2 is about 400-3,000 ppm and NOx is about 100-1,000 ppm. The semi-dry e-beam process is a 
very effective energy saving facility and the SO2 removal rate is about 95 %, with 50% removal rate 
gained simultaneously for NOx under a dose of about 0.8 – 2 kGy. 

 
The Chinese also devote themselves to high power electron beam accelerators while developing 

processes, which is key equipment for the industrial application of the EA-FGD process. Now in 
China, IEPE, SINR, and the Institute of Modern Physics (IMP), which is located in Lanzhou as a 
division of CAS, are developing such electron beam accelerators. 

 
5.3.2. Multi-component purification 
 
The EB technology could be more competitive when SO2, NOx, and other pollutants are 

simultaneously removed. The experiments carried out at pilot scale EB facility have preliminarily 
shown such possibility.  On the base of work done for polycyclic aromatic hydrocarbons (PAHs), the 
positive effect of EB has been observed: the concentration of PAHs and flue gas toxicity (based on 16 
PAHs) decreased after the irradiation. The process conditions typical for SO2 and NOx removal, 
applied in this experimental work, allow simultaneously high removal efficiency for these pollutants 
also: 85% for SO2 and 70% for NOx.  

 
5.3.3. Future work 
 
There is a strong need to examine this process in more detailed due to the wide range of organic 

pollutants present in flue gas from the combustion process. The technology has been proven as an 
effective process for simultaneous removal of two key acidic pollutants and at the next stage it should 
be examined whether organic compounds can be decomposed effectively from an economic and 
environmental point of view. Special attention should be paid for the toxic and carcinogenic 
compounds regulated by law and under legislation. 

5.4. Process modelling 

 
The previous modeling investigations of the electron beam (EB) induced processes in gaseous 

streams were based on the construction of mathematical models and computer codes as applied to the 
description of NO and SO2 conversion under irradiated conditions.  
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The numerical modeling of these processes makes it possible to evaluate the efficiency of EB 

purification technology at the various process conditions. In this direction, the detailed and reduced 
kinetic schemes of the processes in gas phase were proposed. These schemes include such steps as 
energy absorption of electron beam with active species (atoms and radicals), generation by the action 
of fast electrons on gas macrocomponents (N2, O2, CO2, and H2O),  and gas phase chemical reactions 
leading to conversion of NO and SO2 into corresponding acids. 

 
Typical temperatures of electron beam induced chemical processes in flue gases are near 60 oC. 

At these temperatures, the formation of aerosol droplets upon binary volume condensation of sulfuric 
acid and water vapors takes place. This process gives rise to dissolution of other gaseous species (SO2, 
OH, NH3, etc.) in droplets, and to liquid phase chain oxidation of SO2. Therefore, the further 
development of modeling study was connected with inclusion in consideration of liquid phase 
processes. 

 
To investigate the role of various process parameters (initial NO and SO2 concentrations, 

temperature, humidity, absorbed dose, etc.) in NO and SO2 removal from flue gases, numerous 
calculations have been carried out. Results of calculations are in good agreement with available 
experimental data. 

 
The central role in future modeling investigations of the electron beam induced processes in flue 

gases belongs to creation of kinetic models of volatile organic compounds chemical transformation in 
reactions with active species. Among these compounds, polycyclic aromatic hydrocarbons (PAHs) and 
nitropolycyclic aromatic hydrocarbons (NPAHs) are of central interest because some of them are 
carcinogenic and/or mutagenic. Mathematical models, which describe the process of destruction of 
these trace components of flue gases under electron beam irradiation, are absent at present. 

 
The presence of active species in the radiation chemical zone and their reactions with aliphatic 

and aromatic hydrocarbons and nitrogen oxides, which are presented in the combustion products, can 
result in an opposite effect: the formation of PAHs and NPAHs in considerable amounts. Under 
certain process conditions, the concentrations of these substances can exceed their initial 
concentrations. Modeling study of such processes, which will be performed in frameworks of given 
project, will allow to solve the problem of optimization of electron beam process parameters with 
respect to minimization of PAHs and NPAHs concentrations in flue gases. 

 
The important development of modeling study of PAHs and NPAHs behavior under irradiation 

conditions is the consideration of those ones which are associated with soot and ash particles (PAHs 
with number of rings more then five, etc.). Modeling of radiation induced gas-surface reactions of 
radicals OH with condensed aromatic structures will be performed using “Method of Molecular 
Dynamic”. The base of the method is quasi-classical trajectory study of gas particle collisions with 
surface tied aromatic molecules, which lead to chemical reaction. Calculation of a huge number of 
trajectories with random manner chosen initial parameters of colliding systems gives data for 
estimation of such principal integral characteristics of chemical processes as rate constants on the base 
of the Monte Carlo method. This numerical experiment will be realized with the use of appropriate 
calculating facilities, such as high performance supercomputers.  

 

6. CRP OVERALL OBJECTIVE 

 
The overall objective of the CRP is to develop reliable analytical methodologies concerning 

investigation of degradation effects of radiation on VOCs in the gaseous phase. Moreover, laboratory 
and pilot scale tests will be performed and the mechanisms of the process studied, both experimentally 
and theoretically. Finally, technical and economical feasibility of the process will be evaluated 
towards its full scale applications. 



 
 

12 
 

 

6.1. Specific research objectives (Purpose): 

 
The specific objectives of the CRP are the following:  
 

 Identification of the radiolytic products under various process condition 
 Laboratory and pilot plant experiments for flow systems 
 Modelling of the process based on kinetic data 
 Studying of hybrid processes (EB/catalyst, EB/biological etc)  
 Technical and economical evaluation of the EB technology for Persistent Organic 

Pollutants (VOC, PAH) emission control 
 

6.2. Expected research outputs (Results): 

 
 Data concerning physical chemistry of the process will be gathered and used for 

radiation processing procedures’ development/upgrading and optimization.  
 Economical and technical evaluation of the process based on the laboratory and pilot 

experiments will be performed.  
 The participating laboratories would have acquired sufficient knowledge and expertise 

to establish analytical methodologies for testing of the process efficiency  
 
 

7. NETWORK COLLABORATION 

 
Austria with: South Korea and China  
Subject: CO2 utilization by making value-added products by irradiation. 
 
Bulgaria with Spain 
Subject: Investigation of samples obtained from the Maritza East-2 EB pilot plant for evaluation 

of the extraction and the analysis of PAHs and PAC in order to ascertain the performance of the EB 
treatment. 

 
China, Japan, Korea, Malaysia, and Poland 
Subject: Exchange information considering EB treatment of VOCs in flue gases as follows: 
 

• classification of EB technology applications in industrial fields 
• irradiation techniques of flue gases 
• analytical methods for VOCs and their radiolytic products in flue gases 
• reaction mechanisms based on experimental analysis, etc 

 
Poland with Japan, Korea, Malaysia, Romania and China 
Subject: Exchange of technical information concerning experimental methodology 
 
Poland with Spain, Bulgaria, USA 
Subject: Analytical methods for identification of radiolysis by-products and improvement of 

analytical methods applied for experimental work 
 
Poland with Russia, Belorusia 
Subject: Joint process modelling on the base of gained experimental results  
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Russia with:  
 
In the field of process modelling, collaboration will be carried out between the Institute of 

Mechanics, Moscow State University (Russian Federation), the Institute of Power and Nuclear 
Research, and the National Academy of Sciences (Belarus). The interaction will be performed in such 
forms as exchange of kinetic information (kinetic schemes, rate constants of chemical reactions, etc.) 
as well as consultations in respect to the construction of kinetic mechanisms of considering process 
and computer programs. In addition, we will enhance our present collaboration towards future 
investigations. Testing of constructed kinetic models on the base of comparison with experimental 
data will be performed in collaboration with the INCT(Poland). 

 
USA with: 
 
Austria; Subject: radiation chemistry and processing 
Poland; Subject: analytical methods for identification of radiolysis by-products and 

improvement of analytical methods applied for experimental work 
 

8. WORKPLAN FOR NEXT YEAR 

 
Austria with Bulgaria 
Subject: To perform sampling, extraction, and separation of traps from the Maritza-East 

Thermal Power Plant. 
 
China 
In the next year, we will conduct the following: 
 
IEPE of CAEP 

• Building a bench-scale to investigate the removal of multi-pollutants from gaseous and 
liquid streams;  

• Setting up reliable analytical methods for organic contaminants as VOCs and PAHs in 
gaseous and liquid streams; 

 
INET of Tsinghua University  
 

• Constructing and performing  VOC EB-treatment  facility; 
• Sampling and analyzing radiolytic products using  high resolution GC/MS/MS and 

other physical and chemical methods  
 
Japan 
 
• The characteristics of radiolytic products of gaseous paint solvent products, such as 

toluene and xylene, in the car factories will be examined under EB irradiation at laboratory 
scale for their efficient decomposition in gaseous and aerosol  phase removal. 

• The decomposition reactions of formaldehyde in air will be examined under EB irradiation 
at a laboratory scale for the efficient treatment of gaseous formaldehyde used in 
sterilization process.  

 
Malaysia 
 
The future project will be the treatment of odour (hydrocarbon and chlorinated hydrocarbon) in 

incinerator gaseous system using electron beam irradiation: 
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1. Sampling and analysing of odour gas VOCs from ambients around the new incinerator 

project. 
2. Irradiate the odour gas VOCs using electron beam and study the destruction patterns. 
 
Korea 
 
The VOCs associated with automobile and ship manufacturing companies need to be controlled 

efficiently before emitted to the atmosphere. The removal reactions of aromatic VOCs such as 
ethylbenzene and toluene by a novel hybrid EB technology annexing EB with catalyst will be 
investigated. 

 
Poland 
 
Electron beam for VOCs treatment from crude oil combustion process – work planned for 2005-

2006. 
• laboratory installation adoption for crude oil combustion and flue gas from this process 

treatment by electron beam  
• the experimental methodology preparation – sampling system and analytical procedure 

(GC/FID, GC/MS) 
• experimental work on the global influence of EB on VOCs present in flue gas under 

various process parameters  
 
Russia 
 
• Perspectives of modelling investigations in the next year will be focused on consideration 

of PAHs and NPAHs, which are associated with the soot and ash particlesModeling of 
radiation-induced gas-surface reactions will be performed using “Method of Molecular 
Dynamics”. Method has been realized earlier as applied to the conditions of gas flow after 
the strong shock waves. The following aspects of the problem connected with electron 
beam treatment of PAHs and NPAHs will be investigated: 

 quasi-classical trajectory study of gas-surface chemical reactions 
 application to heterogeneous de novo formation of PCDD 
 consideration of gas-phase precursors mechanism of PCDD formation 
 revision of previous PCDD destruction calculations in the light of new kinetic data 

 
Perspectives of investigations in the following years will be concerned the following aspects of 

the problem: 
 
• construction of the kinetic models with participation of various VOC classes (chlorinated  

compounds, PCB, etc.) 
• expansion of existing mathematical models of irradiation process on the case of high 

VOCs concentrations  
• construction of new and more effective algorithms of numerical calculations. 

 
Spain 
 
To provide support on the analytical data interpretation on samples from Maritza-East2 Power 

Station (Bulgaria) and laboratory EB experiments in Poland.  
 
USA 
 
The principal objectives of this project are to: 
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• Build and operate a novel reaction chamber and its related support components for 
electron beam treatment of VOCs in wastewater by utilizing the UM electron beam 
accelerator, with emphasis on achieving destruction of organic toxic materials in 
pharmaceutical, industrial and other wastewater streams. 

• Enhance the effectiveness of the electron-beam treatment of VOCs in wastewater through 
introducing new parameters, new conditions, and non-toxic additives. 

 
 

9. CONCLUSIONS AND RECOMMENDATIONS 

9.1. Electron beam advantages 

 
Electron beam is powerful technology for the removal of VOC in gaseous and liquid phase. 

This technology has the following advantages over the other conventional processes: 
 
• generates small or negligible amount of solid and liquid residues (environmental friendly 

technology) 
• removes and destructs multi-component pollutant mixtures e.g. VOCs/SO2/NOx 
• is very efficient and fast comparing other treatment technologies    
• cost-effective e.g. operate at ambient temperature (especially for high flow processing 

rate) 
• in some cases production of useful by-products such as fertilizers 

 
We recommend the following: 
 

• Technical 
 

 to investigate radiolytic by-products 
 combined with other technologies e.g. microwave, corona discharge, catalyst, 

biodegradation, concentration (adsorption, absorption, cryogenic sorption) 
 to investigate the non-toxic additives influence to enhance removal efficiency 
 to utilize existing pilot plants for further engineering parameters evaluation 
 application of dosimetric methods and validation 
 process optimisation by modelling simulation  radiation chemistry, physics and 

processing 
 theoretical model validation 
 development of sampling and analytical methods 
 improvement of the electron beam technology for harsh industrial conditions 
 energy-saving solutions development for EB process   

 
• Administrative 

 
 further enhancement of collaboration to develop more methods and processing 

for VOCs in gases based on EB technology 
 developing member states may consider national or regionalTechnical 

Cooperation projects preparation  
 training and education among the participating organizations 
 the participating institutions may consider to apply for joint project under 

specific programs (e.g. EU Framework Programs, bilateral cooperation)  
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9.2. Further R&D 

 
The CRP aims to coordinate the research and development programmes carried out in different 

countries in use of radiation processing for sterilization or decontamination of pharmaceuticals and 
pharmaceutic raw materials. The specific objectives for next year are: 

 
 to study the radiation effects on drugs of different types and traditional herbal medicine 

components (e.g.Traditional Chinese Medicines) for identification of the products of 
radiolysis and evaluation of their role in changing of biological activity of radiation 
sterilized pharmaceuticals. 

 to introduce the methods to the manufacturer practice was  
 to review the technology and procedures adopted at commercial and R&D radiation 

centers 
 to discuss engineering and radiation source aspects, including isotope, accelerator and e/X 

conversion units. 
 to introduce accreditation procedures, QC&QA, dosimetry and operation safety. 

 
The medical products sterilized by radiation, where still new developments are possible, e.g. 

pharmaceuticals sterilization, natural herbs decontamination and tissue grafts banking, were addressed 
by CRP participants.  

 

9.3. Dosimetric aspects for radiation sterilization 
Radiation sterilization being a well developed and established technology requiring the control 

of only one parameter, dose, to achieve sterilization; it is especially useful for the treatment of 
pharmaceuticals due to flexibility of radiation processing to be carried out at any desired temperature. 
The methods of establishing the sterilization dose require product to be irradiated at doses within 
specified tolerance level. The dosimetry system used to monitor such doses has to be capable of 
providing accurate and precise measurement over the entire dose range of interest. 

 
The configuration of the product during irradiation should be chosen to achieve the minimum 

practical variation in dose, both for individual items and between different items. This may necessitate 
the irradiation of product items individually. In exceptional cases, it may be necessary to dismantle 
and repackage the product in order to achieve an acceptable range of doses applied to the item. 

 
To determine the range of the doses applied to product, dose mapping exercises are performed. 

These dose mapping exercises do not have to be carried out at the same dose as used for dose setting 
irradiation. The use of higher doses may enable the dosimetry system to be used in more accurate part 
of its operating range, thereby improving the overall accuracy of the dose mapping. 

 
Irradiation for dose establishment or substantiation purposes using gamma-rays is normally 

carried out in a special facility that is designed for irradiation with doses lower than the sterilization 
dose, or at a defined location outside the normal product path in a sterilization facility, such as a 
turntable or research carrier. 

 
Irradiation for dose establishment or substantiation purposes using electron can normally be 

carried out at the facility as that used for sterilization, as low doses can be achieved by reducing 
irradiator output power and/or increasing conveyor speed. Irradiation using electrons may be carried 
out with product surrounded by material to scatter the electrons and produce a more uniform dose 
distribution. 
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In the performance of a verification dose experiment, it is required that the highest dose to 

product does not exceed the verification dose by more than 10%. The highest dose is either measured 
directly during irradiation or calculated form dose mapping data 

 
The minimum frequency of dose measurement should be chosen based on the particular 

requirement of the irradiator or process. 
 
For gamma plants, dosimeters are typically placed ay the beginning and at the end of each run 

of a particular processing category. Additionally, dosimeters may be placed so at least one dosimeter 
is within the irradiator cell ay all times. 

 
For EB and X ray facilities, dosimeters are typically placed at the beginning and at the end of 

each run of a particular category utilizing a specific set of processing parameters. 
 
A repeat of the verification dose experiment is allowed if the arithmetic mean of the highest and 

lowest doses to product is less than 90% of the verification dose. The highest and the lowest doses can 
either be measured directly during irradiation or calculated from dose mapping data. 
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CONTROL OF GREENHOUSE GASES EMISSION BY RADIATION INDUCED 
FORMATION OF USEFUL PRODUCTS. 

N. GETOFF 

Ludwig Boltzmann Institute for Radiation Chemistry and Radiation Biology, 

University of Vienna, Vienna, Austria 

 
Abstract 

Carbon dioxide (CO2) is produced in enormous quantities by combustion of fossil fuels in power plants 
and heavy industries. It is strongly influencing the environment and the climate. However, it can be 
separated from the exhaust gases and utilized as row material for making value-added products by 
irradiation. Results of experiments in laboratory scale showed, e.g. that amino acids and short chain 
proteins can be produced by carboxylation of amines, whereas salicylic acid results from phenol and 
malonic acid formation in observed from acetic acid. The yield dependence from various experimental 
factors as well as the reaction mechanisms of the studied systems are discussed and an outlook of future 
developments is given.  

1. OBJECTIVE 

 
In the present paper the research work since 1960, concerning the CO2-utilization by 

incorporation into various organic compounds, used as models, under the influence of ionizing 
radiation and UV-light is briefly reviewed. Special attention is given to major determining factors of 
the carboxylation process, such as: pH of the aqueous solution, effect of absorbed radiation dose, dose 
rate, substrate concentration, synergistic action of catalysts and radiation etc. Based on observed 
product yields and on pulse radiolysis studies probable reaction mechanisms are presented. 

 
The discussed fundamental data may initiate further investigations in this respect in order to 

reduce, at least somewhat, the enormous CO2-quantities discharged in the air. 
 

2. INTRODUCTION 

 
Carbon dioxide (CO2) is mainly produced by combustion of fossil fuels (coal, oil, natural gas) 

and is blamed for the global “greenhouse effect” responsible for the climate change. This fact is of 
global importance, therefore, a strong reduction of the CO2-emission was recommended by the very 
recent international meeting in Kyoto, Japan. CO2 also results from the respiration of humans and 
animals as well as from biological processes, e.g. fermentation etc. The simultaneously formed carbon 
monoxid (CO) by fossil fuels combustion is also discharged into the air. It can be oxidized to CO2 
photochemically in the upper atmosphere-layers consuming ozone. 

 
Various strategies have been suggested for CO2-reduction in the air, e.g. by absorption from the 

flue gases into recyclable solvents (e.g. monoethanolamine) followed by stripping, liquefacation at 
low temperature and finally discharge into the deep ocean (3000-5000 m) [1-4]. However, at this 
depth the water layers are not absolutely stationary (geysers, volcanoes, earthquakes), so that the 
stored liquid CO2 can be distributed into the upper layers in the oceans and cause a pH-change of the 
sea water. As a result of this the very sensitive marine life can be very strongly effected. 

 
Based on the present state of knowledge it is advisible first to eliminate NOx, SO2/SO3 from the 

flue gas by their radiation-induced conversion into fertilizer [e.g. 5,6] and afterwards to carry out the 
CO2 separation. In such case a rather purified CO2 can be obtained, which can be implemented as a 
raw material for chemical synthesis. It has been suggested to convert CO2 e.g. by catalytic processes or 
photochemical reduction to hydrocarbons etc. [7-9]. 
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Independently from this it has been established that aqueous CO2 can be reduced to simple 

organic substances by irradiation [10,11]. In addition to this CO2 can be incorporated as carboxylic 
group in a given organic compound, resulting into the respective carboxylic acid [e.g. 13-28]. In this 
respect an avenue for making value-added products become offered. Hence, new possibilities for 
research and development of methods for synthesis of valuable compounds using CO2 are proffered. 

 
In the frame of this review some examples for implementation of aqueous CO2 (including CO) 

under the influence of radiation are briefly discussed. Firstly, for the purpose of completeness the 
water radiolysis and the primary processes of CO2 reduction are mentioned. 

 

3. WATER RADIOLYSIS 

 
The yields (G-values = number of produced or decomposed molecules per 100 eV adsorbed 

energy) of the primary products of water radiolysis in neutral media and the role of oxygen as well as 
of N2O are presented in Table I. By changing the pH and in the presence of additives one can obtain 
predominantly oxidizing or reducing environment, e.g. in solution saturated with oxygen, exclusive 
oxidizing species (46% OH and 54% HO•

2/O•¯2) are active. In airfree solution there were 9.8 % H 
atoms, 44.3 % e¯aq and 45.9 % OH radicals involved in the reaction mechanisms. In acid solution e¯aq 
is converted into H-atoms. 

TABLE I. PRIMARY PRODUCTS OF WATER RADIOLYSIS 

H2O e -
aq H2 H2O2 H+

aq

G i

OHaq
-

.O2 HO2

e -
aq O2 O2

.-

HO2
. H O2

.-  pK = 4.8

H + 

+

+ +

(k = 2 x 1010 L.mol-1.s-1)

 (k = 1.9 x 1010 L.mol-1.s-1)

e -
aq

, H , OH , , ,,

= (2.7) (0.5)(0.6) (2.8) (0.45) (0.72) (3.2)

In the presence of air H and e-
aq are converted into peroxyl radicals:

 the oxidizing OH-radicals:

+ N2O OH + OH- + N2 (k = 0.9 x 1010 L.mol-1.s-1)

1kGy = 6.344 x 10-4 mol.dm-3 (e-
aq + H + OH)

In aqueous solutions saturated with N2O the reducing e-
aq are transformed into

Primary products of water radiolysis:

 
 

4. GENERAL REMARKS ON THE CARBOXYLATION PROCESS 

 
In principle the CO2-icorporation in an organic compound in order to obtain a value-added 

product is based on the simultaneously laps of two processes: (i) conversion of CO2 into ĊOO¯/ 
ĊOOH transients and (ii) formation of a suitable organic radical (R•). By combination of both radical 
types the formation of the desired valuable carboxylic acid is expected: 

 
 e.g. CO2  +  e¯aq    ĊOO¯ 
 RH   +  OH     R•  +  H2O) 
 ĊOO¯ +  R•    RCOO¯ 
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The efficiency of such processes depends on the rate constants of the corresponding reactions 

and on the concentration of both transients (ĊOO¯ and R•). The reaction conditions should be 
optimized in order to avoid as far as possible the combination of the same radical type (formation of 
dimers). First, the various possibilities for the production of the carboxylic radical, ĊOO¯/ ĊOOH are 
briefly discussed. 

 

4.1. Formation of ĊOO¯ / ĊOOH transients 

 
There are several reaction pathways for formation of the carboxylic radical, namely from CO2, 

bicarbonate/carbonate, carbon monoxide (CO) and from formic acid/formate. Obviously, the CO2 and 
CO reduction is mainly achieved by the attack of e¯aq, resulting into ĊOO aq¯ and ĊOaq¯, respectively. 
The ĊOaq¯ species are identical with HCOOH ¯ transients, which intitiate a chain reaction in alkaline 
media, resulting into formate and e¯aq [24 and ref. therein]. The absorption spectra of the basic 
transients: ĊOO¯ [24] and HĊO [25], studied by pulse radiolysis, are presented in Fig.1. 

 
 

 

FIG. 1. Absorption spectra of the basic transients: ĊOO¯ [24] and HĊO [25], studied by pulse 
radiolysis 

4.2. Radiation-induced carboxylation of organic compounds 

 
In order to provide a better picture about the possibilities of the CO2 usage as a row material for 

chemical synthesis, some examples concerning the carboxylation of various organic substances are 
presented and briefly discussed. 

 
4.2.1. Formation of amino acids by carboxylation of amines 

 
The carboxylation process of a number of aliphatic amines in aqueous solution saturated with CO2 

has been intensively studied under various conditions [20]. It was observed that with increase of the 
starting amine concentration also the product yields are enhanced. However, at concentrations ≥ 10 –1 
mol/L amine the effect of “direct radiolysis” starts to play an essential role. As a result of this various 
types of radicals are formed, which lead by the carboxylation process to a mixture of amino acids. In 
addition to this also a radiolysis of the final products is observed, when the radiation dose is increased 
and the CO2 concentration successively decreased.  
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Hence, “direct radiolysis” of ethylamine leads in addition to the expected alanine as a major 

product of the carboxylation process, also the formation of higher amino acids. Supplementary to other 
radicals, also ĊH3CH2 and ĊH2CH(NH2)COO¯ are formed, which can combine to produce norvaline 
(Gi=0.6). It was observed, that at pH > 6 the norvaline radical can undergo cyclization to from proline, 
whereas alanine yield passes a maximum at ≅ pH 6 (isoelectrical point of alanine is at pH=6; see 
Fig.2). It was also found that the protonated amino group (–NH3

+) is much less reactive towards OH 
radicals (formation of protective solvation shell) compared to the unprotonated one [29]. 

 
 

 

FIG. 2. Norvaline yield versus pH 

It should be also mentioned, that by carboxylation of sulfur-containing amines the 
corresponding amino acids are formed [21]. Finally, it is noticed that by carboxylation of higher amine 
concentration by prolonged irradiation under permanent CO2-bubbling the formation of mixture if 
short-chain proteins was observed [30]. Further, by irradiation of ammonia and CO2 in aqueous 
solution the formation of amino acids was also proved [30]. On the other hand the radiation induced 
formation of ammonia from nitrogen and water was also demonstrated [31]. 

 
4.2.2. Formation of salicylic acid by carboxylation of phenol 
 
Phenol has been chosen as a representative model for carboxylation studies of aromatic 

compounds, whereby salicylic acid is expected as a value added final product. The reactivity of phenol 
with the primary product of water radiolysis is rather high: k(OH+PhOH) = 1.8x 1010 L. mol-1s-1; 
k(H+PhOH) = 1.7x109 L. mol-1s-1 and k(e¯aq + PhOH) = 2x107 L. mol-1s-1. 

 
The carboxylation studies of phenol showed that the yield of salicylic acid (SA) depends on 

several factors: absorbed dose, dose rate, concentration of both reaction partners and pH of the 
solution [see 15,26,32]. Some results in this respect are presented and are briefly discussed. Fig.3 
shows the SA-yield (G-value) as a function of phenol concentration, but the CO2-concentration is kept 
constant. Using 2x10-3 mol/L phenol the G(SA) ≅ 1 was observed.  
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However, by increasing the substrate concentration up to 0.1 mol/L phenol the G(SA) drops off 

to about 0.3. This effect can be explained by the fact, that the CO2-concentration under the given 
conditions is unsufficient for the production of the needed amount of ĊOO¯ radicals for completion of 
the carboxylation process. The pH-dependence of the SA-formation is demonstrated by the data given 
in the insert of Fig.3. 

 
 

 

FIG. 3. Dependence of the SA formation from phenol concentration and pH 

 
The G(SA)-values (observed at a lower absorbed radiation dose), show a strong increase with 

the enhancement of pH. However, in the pH-range 4-9 it remains practically equal. Obviously, with 
the pH-increase the yield of H-atoms drops off, but this of e¯aq increase correspondently. Upto pH ≅ 4 
the free CO2, dissolved in the solution acts as a scavenger for e¯aq, resulting into ĊOO¯ radicals. In 
neutral and weak alkaline solution a mixture of free CO2 and bicarbonate is available for the 
carboxylation process, where the reaction mechanisms becomes more complicated (see Table 2). In 
addition to this the dissociation of phenol (pK = 9.9) plays also a significant role in the process.  

 
The major reactions for the SA-formation are well known. Naturally, in the radiolysis of phenol 

the H-atoms are also involved, forming mainly H-adducts with phenol, similarly as the OH-radicals. 
These reactions are not further discussed in the present work. 

 
4.2.3. Formation of malonic acid by carboxylation of acetic acid 
 
The carboxylation of acetic acid/acetate resulting mainly to malonic acid/malonate has been 

investigated under various conditions [25-28]. The present state of research in this respect is now 
presented in a brief overview. Early experiments showed that chloracetic acid/chloroacetate is more 
appropriate for this purpose, than acetic acid, since the splitted Cl-atoms can lead to an additional 
formation of e¯aq (see later). By combination of the resulting ĊH2COOH/ ĊHCOO¯ radicals with 
ĊOO¯ species the desired malonic acid/malonate is formed. Obviously, the specific e¯aq attack on Cl 
atom of the substrate molecule plays the most important role in the primary reaction step, followed by 
this of OH radicals. 
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Simultaneously with the formation of malonic acid also dimerization of the transients (ĊOO¯ 

and ĊH2COO¯) takes place leading to the formation of oxalic and succinic acids (Table 6). The rate 
constants of these competitive reactions are of the same order of magnitude, therefore the yields of the 
resulting by products, oxalic and succinic acids are rather high. 

 
As already mentioned, the formation of ĊOO¯ species can be also obtained by using CO instead 

of CO2. Hence, the carboxylation of chloroacetate by CO has been studied likewise. In Table 7 the 
radiation-induced formation of various carboxylic acids in addition to malonic acid from chloroacetate 
and CO at pH = 9.5 and 12.5 are presented. Here, also the formation of oxalic acid and this of succinic 
acid at pH > 12 predominate. This is based on the chain reaction, initiated by ĊO¯aq transients. 

 
For the study of the pH-dependence of the malonic acid formation a solution containing 

chloracetate, formate and CO was used. The last two components are used as source for additional 
production of ĊOO¯ radicals. The result show that G(malonic acid/malonate) passes two maxima, at 
pH = 3 and 10 (Fig.4). In both cases, in acid as well as in basic media, the probability of the 
corresponding reactions (that is the product of rate constant and radical concentration of the involved 
reacting partners) is most appropriate. 

 
 

 

FIG. 4. pH-dependence of the malonic acid formation 

Interesting enough is the fact that the yield of Cl¯ions shows maxima at pH 3,7 and > 12 (see 
Fig.4). It appears, that the Cl¯ions obviously play an essential role in the carboxylation of chloroacetic 
acid/chloroacetate. On the other hand it is known, that various ions, e.g. Fe 2+, Cl¯, SO4

2- etc. can eject 
electrons (formation of e¯aq) from their electronically excited state [e.g. 33-35]. Experiments in this 
respect proved that an energy transfer from excited water molecules (H2O*) to the Cl¯aq

 ions can occur 
leading to an additional formation of e¯aq, and therefore for increasing the yield of carboxylation 
product. 

 
The effect of dose rate on malonic acid (MA) yield has been also investigated and the results are 

presented in Fig.5. As to be expected the G(MA) decreases with the increase of the applied dose rate. 
The same behaviour is also observed for the G(Cl¯)-value. 
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FIG. 5. Effect of dose rate on malonic acid (MA) yield 

The influence of the “direct radiolysis” on the carboxylation yield, using various 
(ClCH2COO¯/HCOO¯)-rations at pH = 9.9. Due to the rather high rate constants for the dimerization 
of the ĊOO¯ and ĊH2COO¯ transients, the formation of oxalic and succinic acids could not be 
suppressed. 

 
The effect of CO on the G(MA) for various chloroacetate/format concentrations was 

investigated. Obviously, using 5x10-2 mol/L ClCH2COO¯ and 10-2 mol/L HCOO¯ in presence of 10-3 
mol/L CO a very high yield of malonate G(MA) = 67.5 was obtained. 

 
4.2.4. Carboxylation of various organic compounds 
 
From scientific point of view various organic compounds in aqueous solution have been 

implemented as modes for carboxylatin studies. Formic acid/formate leads to formation of oxalate 
[13,14,18], methanol to glycolic acid [16,18,23], n-butanol to α-hydroxyvleric acid and oxalate [15], 
methylamine to various amino acids [17,22] and other substances. 

 

5. CONCLUSION 

 
In the frame of numerous studies it has been established, that CO2 can be utilized as a row material 

for making value-added products by radiation-induced synthesis. 
 
All reported investigations were performed in laboratory scale. Further work in this respect is 

urgently needed in order to open up new possibilities for CO2 and also for CO implementation in the 
practice. This will be a significant pathway for reduction of the CO2 content in the atmosphere and to 
contribute to a conservation of the environment. 
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Abstract 

This paper describes state of the art for isolation and determination of polycyclic aromatic hydrocarbons 
(PAH) from Maritza East lignites combustion. Two sets of experiments were performed: (i) PAH in flue 
gases from fluidized bed combustion (FBC) in laboratory scale installation determination by fluorescence 
spectroscopy in synchronous mode and GC-MS;  (ii) analysis of PAH in organic extracts from 
combustion wastes of thermal power plants under exploration. By a sequence of 5 traps and extensive 
application of spectral and chromatographic techniques the isolation and characterisation of PAH in FBC 
flue gases was possible. The total sum of emission, expressed in  microg/kg, as well as profile of PAH 
distribution were determined. The sampled mixture of FBC was composed by PAH, their alkylated, 
phenylated homologues and heteroatom containing counterparts with dominance of three/four cyclic 
aromatic compounds. Respectively, relative carcinogenic potency value (TEQEPA) of trapped PAHs 
compared to Benzo[a]pyrene with  TEFEPA =1  was not high. By mass spectroscopy and application of 
deutereted internal standards for quantitative interpretation 17 PAH, some of them in the list of USEPA 
for priority polutants with expressed carcinogenic/mutagenic potential, were identified. The total contents 
of PAH for waste material under study were as follows: - 477 microg/kg with TEQEPA factor 12.95 for fly 
ash; -and, 707 microg/kg with TEQEPA factor 1.06 for slag. 

1. INTRODUCTION 

 
Pulverized coal-fired combustion of Maritza-East lignite in Thermal Power Plants (TPPs) is the 

main technology of electricity production in Bulgaria. During lignite combustion a broad range of 
harmful species and gases are generated. Polutants like COx, SOx, NOx and particular matter have 
been monitored for a long time while the organic compounds formed during combustion have obtained 
less attention. Presently the situation is going to be improved as organic pollutants, i.e.PAHs, furanes, 
chlorinated species, so called VOC, will be the target of special legislation, which at the moment is a 
Normative Proposal at the European Parlament (Proposal 2003/164COD).  

 
The ecological problem created by Maritza-East energy complex was discussed in the previous 

consulting meeting of IAEA group in September, 2004 in Sofia and gathered in the report 1. At 
present wet limestone desulphurisation method is applied in TPP Maritza-East-2. The method assures 
to meet the requirements for particular matter content and SOx emissions. Nevertheless, the three 
existing TPPs with total capacity of 2400 MW are among the 15 most significant polluters of the 
environment in Europe. At the same time the national energy strategy foresees to erect new energy 
units of up to 1500 MW total till the year 2020 using lignite coal. The main problem with the present 
and future operation of Maritza-East TPPs is to reduce the trans boundary emissions and to respect the 
European legislation norms.  

 
On the other hand, Maritza-East lignites are the basic domestic fuel used for house-hold 

briquettes production. Our ongoing research on thermal pyrolysis of commercially available briquettes 
in laboratory equipment revealed a high SO2 emissions.  In the flue gases a broad range of organic 
compounds were identified as well. Lower molecular sulphur containing ones (thiols, organic 
sulphides, polysulphides, thiophenes) and typical products of coal thermal destruction could be 
regarded as VOC, harmful for the ambient air. 
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The wet limestone technology has been widely used throughout the world in an effort to reduce 

acid rain from sulphur oxide emission. Although the technology successfully reduce SOx emission it 
creates enormous million metric tons of by-product generated in power stations. For example, 215 
MW unit of Maritza-East-2 TPP, with boiler’s efficiency about 85% and 3-4% of unburnt fuel, 
consumes 350 tons lignites per hour. As a result 50 t/h by-products, i.e. 45 t/h fly ash and 5 t/h bottom 
ash (slag) are received. Wast territories are covered by dumps and are sources for particulare matter as 
well as of leaching. Before to reuse these waste materials they should be properly characterized. There 
is a suite of publications of Vassilev et al.2 devoted to the mineral matter of ashes from Bulgarian 
power stations while the organic matter content is somewhat neglected. The overview on published 
data pointed out that sufficient portion of PAH could be absorbed on the solid products, i.e. fly ash and 
slag. Respectively, organic compounds might have an important impact on environment and research 
on them in combustion wastes is necessary. 

 
Coal combustion is one of the biggest source of VOC. The interest on the polycyclic aromatic 

compounds (PAC) in combustion flue gases is provoked by their carcinogenic potential. According to 
the international standards (USEPA), the following polycyclic aromatic hydrocarbons (PAH) are 
considered as priority  pollutants: acenaphthene, fluorene, anthracene, pyrene, benzo[a] anthracene, 
chrysene, benzo[a]pyrene, benzo[k]fluoranthene, perylene, dibenzo[a,h]anthracene, coronene, etc. 
Depending on their molecular mass PAH can be concentrated in the gas phase (<6-ring PAH’s), in the 
solid phase (>6-ring PAH’s) or in both phases (4- and 5-ring PAHs). These organic compounds are 
considered extremely toxic. They are generated throughout the combustion process and their 
concentrations depend on technological parameters, i.e. combustion temperature, coal rank, fluidizing 
agent, oxygen excess, etc. In the recent review Mastral and Callen3 discussed PAH emitted during 
FBC. PAHs origin, the importance of their sampling and analytical procedures for determination were 
commented. Finally, the influence of the fuel, the combustion type and the combustion variables 
affecting PAH formation and distribution in solid/gaseous phase were under consideration. Situation 
with polycyclic aromatic compounds emissions during coal combustion is additionally complicated 
when low rank coals with high sulphur contents are subjected to thermal treatment. Unfortunately, 
TPPs in Maritza-East region are supplied by low calorific with high sulphur contents Thracian lignites. 
In emissions from their combustion high contents of PAH and their sulphur analogues (S-PAH) are 
expected. 

 
In the frame of bilateral projects between Centre for Scientific Research of Spain (CSIC) and 

Bulgarian Academy of Sciences (BAS) studies on the harmful emissions of lignite Maritza-East 
combustion in laboratory scale installation for fluidised bed combustion at atmospheric pressure were 
performed. In this presentation we shall assemble relevant results on polycyclic aromatic compounds 
produced by Maritza-East lignite combustion. We shall describe state of the art for their 
characterization and limits of analysis. All results are elaborated in the course of Spanish-Bulgarian 
partnership and chronologically will be described 

 

2. MARITZA-EAST LIGNITE  FLUIDIZED BED COMBUSTION  

2.1. Lignite sample 

 
Maritza-East lignites were subjected to fluidized bed combustion (FBC).  
 

 Ultimate analysis: C 67.41% (daf); H 6.23% (daf); Stotal 5.61% (daf); SSO4 0.87%; Spyr 
2.44%; Sorg 2.30%; N 0.66% (daf); Odif 20.09%;  

 Proximate analysis: moisture 15.6% (ar); ash 18.5% wt.% (ar); 
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2.2. Pilot installation and trapping system 

 
Institute of Coal Science in Zaragoza, Spain poses laboratoty scale installation for fluidized bed 

combustion of fossil materials and their blends with industrial wastes under atmospheric pressure. The 
combustion experiments were performed in the pilot plant (2800W) consisting of a continuous feeder 
(40-300g/h), allowing to modify amount of the burnt coal, the fluidized bed reactor made of Khantal 
steel (7 cm ID, 76 cm height), a furnace (maximum temperature 1000oC) and a preheater (up to 
800oC). The pilot plant works at atmosphere pressure. The entry air was divided into two gas stream 
flows, one enough to fluidize the bed and introduced at the bottom of the reactor and another one 
introduced at the top of the continuous feeder. Both air flows were controlled by mass flow controller 
and rotmeter. 

 
The combustion experiments were performed keeping constant the total air flow of 860 l/h (air 

flow high enough for a good fluidization avoiding slugging regime), 3% of oxygen excess, the 
combustion temperature 850oC, fluidizing agent – limestone with ratio Ca/S in coal =3.25; 200 g/h 
coal fraction with 0.5 to 1.0 mm size was burnt. The combustion efficiency was 96%. The installation 
is illustrated in Fig.1. The combustion experiments were repeated three times because of low 
reproducibility and in order to ensure the results. The combustion gases were forced to pass through a 
system formed by two Cyclons and a Condensor in order to avoid moisture condensation problems in 
the sampling system. At the outlet of the Condensor an aliquot of combustion gases was forced to pass 
through the sampling system consisting of a Nylon filter (20 microm), Teflon filter (0.5microm pore 
size) and XAD-2 resin. All samples were kept in a refrigerator and protected from sunlight until 
extraction and analysis to eliminate photo-degradation reactions. Samples were extracted by sonication 
3x25 ml of dimethylformamid (DMF) for 15 min at ambient temperature. Extracts were filtrated and 
concentrated in a rotary evaporator until a final volume of 10 ml.  

2.3. Analysis of  Polycyclic Aromatic Hydrocarbons (PAH) by fluorescence spectroscopy and by 
GC-MS 

 
Dimethylformamide (DMF) solutions of the traps contents were studied by fluorescence 

spectroscopy in synchronous mode. In Table I PAH capable of determination by fluorescency and 
annonced by USEPA as priority polutants are listed. Relative toxicity equivalent factors (TEFEPA) of 
individual PAH compared to Benzo[a]pyrene with  TEFEPA =1 are on the base of  USEPA 
classification [4]. 

 
Traps extracts were subjected to separation on mini-columns. The protocol of aromatic fraction 

isolation is described in Mastral et al 5. Sulphur containing polycyclic aromatic compounds (S-PAH) 
were obtained in enreached fractions by ligand exchange chromatography on PdCl2/SiO2 mini-
columns according to Nishioka et al [6]. Aromatic fractions were studied by gas chromatography-mass 
spectroscopy (GC-MS) on Hewlett-Packard 6890 gas chromathograph equipped with 5973 MS 
detector. Column HP-5 (30m lenght, 0.25 mm ID amd 0.25 mm film thickness). Program: 0.5 oC/min 
up to 85 oC, then 20 oC up to 200 oC and finally 5 oC/min up to 320 oC. 

 

3. PAH IN SOLID WASTES OF MARITZA LIGNITE COMBUSTION IN TPPS 

 
Fresh fly ash samples after electrostatic precipitator of Maritza-East-2 TPP were collected. Slag 

and fly ash samples (25-30g) were dried, crushed, sieved (<0.071mm) and carefully stirred. Samples 
were exhaustively Soxhlet extracted for 40 hours by chloroform. Total extracts were concentrated at 
reduced pressure and subjected to column separation Fractions were analysed by GC-MS as described 
above. 
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FIG. 1. Pilot plant for laboratory scale fluidized bed combustion  

3.1. PAH quantification by GC/MS/MS 

 
Preliminary to the sample quantification by external standard calibration, standard solutions 

containing the total of 16 PAH were prepared at different concentrations by appropriate dilution and 
injection into the GC/MS/MS for determining the linearity. Resin blanks were also prepared to 
measure detection limits. 

 
Samples were analyzed by GC (Varian GC 3800) equipped with a low bleeding fused-silica 

capillary column CP-Sil 8 CB (lenght: 60 m, ID: 0.25 mm;  thickness: 0.25 microm) coupled to 
MS/MS detector (Saturn 2200) operating in electron impact mode (70 eV). 

 
The temperature time program at the working conditions of the GC/MS/MS was the following: 

60oC isotherm for 1 min, 10o/min till 300oC and isotherm for 15 minutes. The injector was kept under 
the following program: 60oC for 0.5 min, 100oC/min till 330oC and isotherm for 45 minutes. Helium 
was used as carrier gas and transfer line was heated at 280oC. In all cases, 1 microl of sample was 
injected in splitless mode (1/50, split valve closed for 3.5 minues). 

 
In order to check the analytical accuracy and precission, analyses of an appropriate standard 

reference material  (SRM 1944) of National Institute of Standards and Technology (NIST) were 
analysed. Measured values were comparable to certified values with a precision between 0.2% (for 
benzo[k]fluoranthene) and 22% for all compounds except naphthalene, 38%. 
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TABLE I. PAH DETERMINED BY FLUORESCENCE SPECTROSCOPY LISTED BY USEPA 
AS PRIORITY POLLUTANTS AND THEIR TEFEPA VALUES [4] 

PAH Formula Molecular mass TEFEPA * 
value 

Fluorene C13H10 166 n.a. 
Anthracene C14H10 178 0.0005 
Fluoranthene C16H10 202 0.05 
Acenaphthene C12H10 154 n.a. 
Chrysene C18H12 228 0.03 
Pyrene C16H10 202 0.001 
Benzo[ghi]perylene C22H12 276 0.02 
Benzo[k]fluoranthene C20H12 252 0.05 
Benzo[a]anthracene C18H12 228 0.005 
Indeno[1,2,3-c,d]-pyrene C22H12 276 0.1 
Benzo[b]fluoranthene C18H10 226 0.1 
Dibenzo[a,h]anthracene C22H14 278 1.1 
Benzo[a]pyrene C20H12 252 1.0 

n.a. – not available;   * - relative potency of individual PAH compared to Benzo[a]pyrene 
 

4. RESULTS AND DISCUSSION 

4.1. PAH in flue gases 

 
During FBC relative high quantities of unburnt hydrocarbons are expected. These compounds 

are expelled by flue gases or deposited on the solid wastes. In Table II are gathered contents of PAH in 
flue gases determined by fluorescency, in microg/kg coal as well as the total TEQEPA values. GC-MS 
separation confirmed the results of fluorescency and enriched them with some homologue series of 
heteroatom containing PAH. Counterparts of the most abundant PAH were registered [5, 7-9]. 

 
 Phenanthrene - Dibenzothiophene;  
 Pyrene-Phenanthrothiophene;  
 Anthracene-Naphthothiophene,  
 Chrysene-Benzonaphthofuran;  
 Chrysene-Benzonaphthothiophene, etc.. 

 
The PAH  distribution in traps is illustrated in Fig.2.  

Cyclons

Condenser

Nylon f ilter

Teflon f ilter

XAD-2 resin

Distribution in traps, in μg/kg

 

FIG. 2. PAH distribution in traps 
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TABLE II. CONTENTS OF PAH IN THE FLUE GASES DETERMINED BY FLUORESCENCE 
SPECTROSCOPY, IN MICROG/KG  

PAH  TRAP 
 TEQEPA Cyclon Condenser Nylon 

filte
Teflon 
filter

XAD-2 Total 

Fluorene* n.a 31.15 406.03 27.18 239.97 846.61 1552.92 
B[a]Pyrene* 33.27 6.76 n.d. 5.03 21.48 n.d 33.27 
Pyrene* 1.16 82.57 173.44 75.28 827.32 n.d. 1158.54 
Chrysene* 37.83 82.50 283.34 132.11 763.41 n.d. 1261.44 
Anthracene* 1.60 6.01 40.78 32.24 197.13 43.23 319,38 
Acenaphthene* n.a. 153.22 1014.64 505.26 2753.48 15.85 4442.44 
B[a]anthracene* n.a n.d. 76.24 132.1 153.96 n.d. 362.30 
Perylene 0 1.37 0.84 1.65 13.23 n.d 17.08 
B[k]fluoranthene* 1.43 n.d 1.49 2.57 24.57 n.d 26.63 
TOTAL 77.1 363.58 1996.80 913.44 4994.52 907.68 7138.5 

* - PAH from USEPA list;     n.a – not available;      n.d. – not determined; 
 
The hightest content of PAH was determined in Teflon filter trap, around 5 mg/kg but the PAH 

are 3-4 cyclic (Table II) and the TEQEPA value is not high. The PAH distribution profiles,, in traps 
were similar, all dominated by acenaphthene except at the last one, XAD-2 resin, where fluorene was 
in the highest quantity. 

 
In conclusion, by sequence of 5 traps and extensive application of spectral and chromatographic 

techniques the isolation of PAH in FBC flue gases of Maritza-East lignites combustion was possible. 
The total sum of emission, expressed in microg/kg, as well as profile of PAH distribution were 
determined. The sampled mixture of FBC was composed by PAH, their alkylated, phenylated 
homologues and heteroatom containing (S-PAH, O-PAH and N-PAH) analogues: dibenzothiophenes, 
phenanthrothiophenes, benzonaphthothiophene, anthraquinones, phenols, phenanthroaldehyde, 
dibenzofurans, anthracenenitril, etc, some of them methylated. 

 

4.2. PAH in solid wastes 

 
The total contents of organic extractable matter were 6.25.10- 2 % for fly ash and 17.10-2 % for 

bottom ash (slag) [10]. These magnitudes should be consider with caution as there were a lot of 
extracted sulphur in samples. 

 
During combustion VOC can be emitted by gas phase or could be associated with particles by 

nucleation, condensation and adsorbtion. It was found that at high combustion temperatures PAC was 
in gase phase, and with temperature the portion deposed on particle surface area is deacreased. In this 
state they are even more dangerous as could be deeply respired, or transported at long distances 
depending on meteorological factors. Our preliminary investigations demonstrated that the organic 
extractable matter of solid wastes were strongly dominated by elemetal sulphur (S6, S7, S8 , the last 
prevailing). GC-MS registered compounds in slag organic extractable matter are listed in Table III.  
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TABLE III. GC-MS REGISTERED  COMPOUNDS IN SLAG ORGANIC EXTRACTABLE 
MATTER 

Peak Rt (min) Compound M+ , m/z 100% Origin [11, 12] 
1 6.56 Cadalene 198, 183 Biogenic 
2 7.31 Phenanthrene/Anthracene 178 Anthropogenic 
3 8.5-8.8 Anthracene/Phenathrene, methyl 192 Anthropogenic 
4 10.4 Simonellite 252, 237 Biogenic 
5 11.4 Retene 234, 219 Biogenic 
6 12.53 Ferruginol 286, 271 Biogenic 

 
The main aromatic species registered in organic extracts of fly ash and slag were 

phenanthrene/anthracene and their alkylated homologs. According to published data these compounds 
are considered as main PAH from coal combustion (anthropogenic origin). Their high contents reflect 
the low degree of aromatization of the initial coal.  

 
The other compounds with three aromatic rings and same origin were retene and ferrugunol, 

both of them source-specific molecular markers. To this class of compounds could be added 
substituted naphthalene (cadalene). The terpenoids (Table III) were tricyclic with their diagenetic, 
catagenetic and thermally altered products. Specially retene was considered as the end product of resin 
acid alteration (abietic acid) and was a molecular indicator for combustion of coal with Gymnosperms 
dominance. All diterpenoids are ubiquitous compounds of vegetation (plant resins) and are typical coal 
biomarker (biogenic origin). We were not able to identify more PAH as the samples were overcharged 
with elemental sulphur and it dominated separations. 

 
By GC/MS/MS and application of deutereted internal standards for quantification of 17 PAH, 

some of them in the list of USEPA for priority polutants with expressed cancirogenic/mutagenic 
potential, were identified. The total contents of PAH for waste material under study were as follows: - 
477 microg/kg with TEQEPA factor 12.95 for fly ash; - and, 707 microg/kg with TEQEPA factor 1.06 for 
slag. Both organic extracts were characterised by the highest contents of phenanthrene, 223 microg/kg 
for slag and 92.8 microg/kg for fly ash.The distribution profiles of PAH according to the number of 
aromatic cycles in molecules were rather similar:  3>4>2>5 for fly ash, and, 3>2>4>5 for the slag. 
Tricyclic PAH dominated in both extracts and 5 cyclic PAH, the more dangerous, were at the lowest 
contents. Nevertheless there was a difference, reflecting in TEQEPA factors. It could be seen in Fig.3, 
where Benzo[a]pyrene in slag extract is missing while for fly ash it amounted to about 10 microg/kg. 
We did not have in mind to compare toxicity of flue gases and solid wastes as those by-products were 
obtained at completely different combustion technologies.  

 
On the other hand, published results for ecotoxicity for ashes and particulate matters from FBC 

pointed out that although PAH are very toxic compounds they were not so dangerous because of their 
low solubility in water [13]. The Microtox assay according to the standard leachate procedure 
determined values > EC50 3000 mg/liter, hence, solids were classified as nonecotoxic. Completely 
different results should have been received if the tests were performed by organic extracts.  
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FIG. 3. PAH in fly ash and slag identified by MS-MS 

 

5. CONCLUSIONS 

 
Our ongoing research on PAH in flue gases and in solid wastes from Bulgarian lignite 

combustion in FBC laborator scale installation and TPPs revealed the presence of variety of volatile 
organic compounds harmful for the environment. According to TEQEPA values for aromatic 
compounds they were not with so highly expressed toxicity as were predominantly composed by 
three/four cyclic species. At the same time in the course of our investigation there was a question 
emerged still not received unequivocal response, namely, the recovery of PAH from solid waste 
products. 

 
The study demonstrated once again the necessity of suitable cleaning technology application if 

the legislation norms should be respected. Electron beam treatment could be regarded as a promissing 
alternative [1, 14, 15] and our future efforts will be focused on it. 
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Abstract 

In China, the environmental protection is one of the basic national policies. For the sake of preventing 
environmental pollution, keeping the ecosystem equilibrium, and protecting the health of the human 
beings, a series of environmental protection standards have been established by the lawmaking 
organization or government environmental protection sections, and the standards have become an 
importance part of the environmental law system. In China, the air pollution control gets recognition at all 
the time, and Air Pollution Prevention Law endows the national environmental protection sections with 
the duty of establishing various national environmental standards and supervising those standards to be 
put into practice. 

 

1. INTRODUCTION 

 
Since the Try out Emission Standard of Three Wastes from Industry (GBJ4－1973) was enacted 

in 1973, which was the first environmental protection standard, the industry waste gas emission 
standard system of China has developed hard for more than 30 years. A basic and more consummate 
emission standard system has been established up to now. In 1980’s，a series of emission standards of 
air pollutants control for several industries were enacted, such as: Emission Standard of Pollutants for 
Synthetic Detergent Industry（GB3548-1983）, Emission Standard of Pollutants for Steel and Iron 
Industry（GB4911-1985）, Emission Standard of Pollutants for Sulphuric Acid Industry（GB4282-
1984）, Emission Standard of Pollutants for Light Metal Industry（GB4912-1985）, and Emission 
Standard of Pollutants for Heavy Non-Ferrous Metals Industry（GB4913-1985）, etc. All of those 
standards only aim at some industry alone, but it is impossible to found too many standards for every 
industries, so that some integrated emission standards having been enacted instead. 

 
For the active national standard system of air pollution control for industries in China, an 

integrated standard can not be performed with an industry one simultaneously. According to this rule, 
All industries using boiler perform the Emission Standard of Air Pollutants for 
Boilers（GB13271－2001）, kiln used industries perform the Emission Standard of Air Pollutants for 
Industrial Kiln and Furnace（GB9078－1996）, thermal power plants perform the Emission Standard 
of Air Pollutants for Thermal Power Plants（GB13223－2003）, Coke oven facilities perform the 
Emission Standard of Air Pollutants for Coke Oven（GB16171－1996）, cement plants perform the 
Emission Standard of Air Pollutants for Cement Industry（GB4915－2004), plants and facilities 
exhausted odor pollutants perform the Emission Standard for Odor Pollutants（GB14554－1993）, 
and the Integrated Emission Standard of Air Pollutants is performed in plants and facilities exhausting 
air pollutants not including above mentioned industries.（GB16297－1996). 

 
All in all, a basic and more rational emission standard system has been established up to now in 

China, although there are some limitations in active standards, especially in VOC control. As more 
and more attention will be paid to air pollution control, the national emission standards of air 
pollutants from industries will be more and more strict and reasonable in future China. 
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2. CHINESE EMISSION STANDARDS OF THE VOLATILE ORGANIC COMPOUNDS (VOC) IN 
WASTE GAS FROM THE INDUSTRY 

 
Volatile organic compounds (VOC) are emitted mainly from coating processes, organic 

solvents, transportation, stationary combustion, chemical industry and petroleum production, etc. VOC 
exhausted into atmosphere is one of the most important problems with respect to the formation of 
photochemical fogs under the presence of NOx and do much harm to human health. Some kinds of 
VOC are harmful to human health as carcinogenic and toxic substances.  

 
Obviously, China is a developing country, environmental standards are not mature and perfect, 

and on the way of development. But the progress that has made is tremendous. There was none 
emission items of organic pollutants in the first environment standard that the Try out Emission 
Standard of Three Wastes from Industry (GBJ4－1973). For the sake of the complexity of the waste 
gas exhausted sources of VOC from the industry, there is no the emission standard about the majority 
of exhausted sources of VOC from the industry in China. For the thermal power plants which exhaust 
a lot of air pollutants, the new emission standard of air pollutants emendated in 2003 only involves the 
items about the powder, sulfur dioxide and nitrogen oxides, without those more noxious pollutants as 
Polycyclic Aromatic Hydrocarbons (PAH). In active national standards of air pollutants from the 
industry in China, there are only 3 standards referring to VOC and they are as follows: Emission 
Standard of Air Pollutants for Coke Oven（GB16171－1996, Emission Standard for Odor 
Pollutants（GB14554－1993,and Integrated Emission Standard of Air 
Pollutants（GB16297－1996）. 

 

2.1. Emission standard of air pollutants for Coke Oven（GB16171－1996） 

 
There are only two organic compounds involved in this standard, which are benzene-soluble 

objects and Benzop(a)yrene. For the plants that environmental influence evaluation was approved after 
the January 1st of 1997, it must abide by these maximum allowable emission concentrations shown in 
table I. The standard limitation for the old ovens is lower. 

TABLE I. THE MAXIMUM ALLOWABLE EMISSION CONCENTRATIONS OF ORGANICS 
IN GB16171,1996 

Grades of 
standard  The second The third 

POLLUTANTS Benzene-soluble 
objects (BSO) 

Benzop(a)yrene 
(Bap) 

Benzene-
soluble 
objects (BSO) 

Benzop(a)yrene  
(Bap) 

Maximum 
concentrations（
mg/m3） 

0.60 0.0025 0.80 0.0040 

Note: In the first grade region where the first grade standard should be abide, new plants of coke oven are 
banned to construct after 1997. 

 

2.2. Emission Standard for Odor Pollutants（GB14554－1993） 

 
There is only Styrene in the standard for odor pollutants shown in table II. 
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TABLE II. THE MAXIMUM ALLOWABLE EMISSION RATE OF STYRENE IN 
GB14554－1993 

Polluter  High of vent-pipe (m) Maximum allowable 
emission rate (kg/h) 

15 6.5 
20 12 
25 18 
30 26 
35 35 
40 46 

Styrene 

60 104 
 

2.3. Integrated Emission Standard of Air Pollutants（GB16297-1996） 

The standard is applied to most industrial sources of air pollutants in China, in which 14 kinds 
of volatile organic compounds are involved in, and they are shown in table 3. In the standard only the 
maximum allowable emission concentrations of VOC are concerned and the total limitation of 
emission quantity are not involved, so it can not be well used for the industrial sources with higher 
vent-pipes, for example: thermal power plants. 
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TABLE III. THE MAXIMUM ALLOWABLE EMISSION CONCENTRATIONS AND RATE OF 
VOCS IN GB16297-1996 

Maximum allowable emission rate (kg/h) 

Number Pollutants 

Maximum 
allowableemission 
concentrations 
(mg/m3) 

High of vent-pipe 
(m) 

The second 
Standard 

The third 
Standard 

   15, 20, 30, 40 0.50, 0.90, 2.9, 5.6 0.80, 1.3,  
4.4, 7.6 

2 Toluene  40 15, 20, 30, 40 3.1, 5.2, 18, 30 4.7, 7.9, 
 27, 46 

3 Xylene  70 15, 20. 30, 40 1.01.75.910 1.5, 2.6 
8.815 

4 Phenol  100 15, 20, 30,  
40, 50, 60 

0.10, 0.17, 0.58,  
1.0, 1.5, 2.2 

0.15, 0.26 
0.88, 1.5, 2.3, 3.3 

5 Aniline  20 15, 20, 30,  
40, 50, 60 

0.52, 0.87, 2.9,  
5.0, 7.711 

0.78, 1.3 
4.4, 7.61,2.17 

 
6 Formaldehyde  25 15, 20,30,  

40, 50, 60 0.260.431.42.63.85.4 0.39, 0.65 
2.2, 3.8, 5.9,8.3 

7 Acetaldehyde  125 15, 20, 30,  
40, 50, 60 

0.050, 0.090, 0.29, 
0.50, 0.771.1 

0.080, 0.13 
0.44, 0.77 
1.2, 1.6 

8 Propylene- 
cyanogen 22 152030405060 0.771.34.47.51216 1.2, 2.0, 6.61 

1,1,8,25 

9 Acraldehyde  16 15, 20, 30,  
40, 50 , 60 

0.52, 0.87, 2.9, 5.0, 
7.711 

0.781.34.4 
7.61217 

10 Chlorobenzene  60 15, 20, 30, 40, 50, 
60, 70, 80, 90, 100 

0.52, 0.87, 2.5, 4.3, 
6.6,9.3, 13.18, 23.29 

0.78, 1.3, 3.8 
6.5, 9.9, 1, 4.20 
2.73, 5.44 

11 Nitrobenzene  16 15, 20, 30 
40, 50, 60 

0.050, 0.0900.29 
0.500.771.1 

0.080, 0.13 
0.44, 0.77, 1.21.7 

12 Chloroethylene 36 15, 20, 30 
40, 50, 60 

0.77, 1.3, 4.4 
7.5, 1.2, 16 

1.2, 2.0, 6.61 
1.1, 8.25 

13 Benzop(a)yrene 0.30×10-3 15, 20, 30,  
40, 50, 60 

0.050×10-3 

0.085×10-3 

0.29×10-30.50×10-3 

0.77×10-31.1×10-3 

0.080×10-3 

0.13×10-3 

0.43×10-3 

0.76×10-3 

1.2×10-31.7×10-3 

14 
No- methane 
total 
hydrocarbon 

120 15, 20, 30, 40 10, 17, 53, 100 16, 27, 83,  
150 

Note: In the first grade region, facilities exhausted above pollutants are banned to construct after 
1997. 
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3. CONCLUSION 

 
The standards above shown that China has paid much attention to the VOC exhausted from the 

industry, but there is still a part of poisonous and harmful organic compounds not included in the 
national standards. For example, some volatile organic ompounds as PAH are not involved whose 
general concentrations are little but the toxicity is bigger.  

 
In future tens year, the developing rate of heavy industry will be accelerated in China, and the 

quantity of pollutants will increase continuously and greatly. If the current standards are maintained, 
the emission of a large number of pollutants including VOC that are very harmful but has not caused 
the attention of Chinese industry will do much harm to environment and man’s health. With the 
increasing understanding of Chinese about the harm of VOC, fast developing economic and appearing 
advanced technology of treatment, Chinese emission standard will include more and more harmful 
pollutants and the stricter control items. 
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Abstract 

This paper presents the volatile organics pollutants caused by the coal burning, including the large boiler, 
incinerator and Industrial boilers. Recent studies show that chlorinated aliphatic and aromatic 
hydrocarbons are suspected to the precursors of dioxin’s formation. Electron beam process is a possible 
way to reduce the emission of VOCs and simultaneous reduced the SO2, NOx, small particles and CO2 
emission. A research project has been planned, to develop an E-beam technology to evaluation of 
degradation effects of organic pollutants in gaseous phase, studying mechanism of the process on 
theoretical and experimental way to limit formation of toxic byproducts, to evaluate the VOC removed 
effects via E-beam dose under different conditions. The new developed E-Beam process could be the one 
of best candidate to reach the goal with high efficiency, low capital cost and operation cost reliable and 
economical way without second pollutants 

 

1. BACKGROUND 

 
China is a developing country. Now it is confronted with the dual task of developing the 

economic and protecting the environment implementing a sustainable development strategy. The 
Chinese government regards prevention and control of industrial pollution as the focal point of 
environmental protection. The coal is a major energy resource, around 75% of the primary energy 
supply, in China. China has pay great attention to the pollution caused by flue gas, which including 
SO-2, NOx and acid rain. In January 1998, our Government has approved and putted into force of the 
Scheme of the Division of the Acid rain Pollution Control Region and Sulfur Dioxide Pollution 
Control Region and so on drawn up by the State Environment Protection Bureau. According to the 
document, the newly built coal power station must have devices for flue gas purification, reducing the 
SO-2 and NOx emitting during the past years. According the forecast by the formal Electricity 
Ministry that the total installed capacity of thermal power station will be reached to 37 GWe in 2010, 
compare to 22 GWe in 2000. If there is no action to limit the SO-2 and NOx emission by those new 
installed thermal power stations, then the total SO-2 and NOx emission will increase dramatically. So 
the control and limit of SO-2 and NOx emission is very urgent in China, and the China Government 
has putted several laws into force to limit the SO-2 and NOx emission from flue gas. By the rapid 
development of the economic and energy aspect in China, we can expect that the emission control will 
be tougher and tougher. 

 
In China, environmental protection in power sector witnessed a definite achievement in China, 

the environmental protection requirements, norms and standard, not only limited the emission of SO-2, 
NOx, and fine particles removing are also included. But facing the new 21st century environmental 
protection and sustainable development of China economy, power station flue gas should be purified 
further accordingly, such as reduced Volatile Organic Compounds (VOCs), fine particle and CO-2 
emission in the near future. And any hazard wastes ought to be transformed into a useful by-product 
without any second pollutants. In the atmosphere, these CO2 gases trap heat and warm the air. It is the 
risk that increasing emissions of green house gases (GHG) will change our planet’s climate. Under the 
1997 Kyoto Protocol, industrialization countries indicated their intent to reduce collective emissions of 
GHGs by 5.2 % below 1990 levels by the period 2008 to 2012. Between the GHGs, CO2 is the main 
contributor. Thus many R&D have been explored to find an economical way of reducing CO2 
emission. One promising way is the EB processing now under development in our Institute and other 
research institutes around the world. 



  43 

 
VOCs are organic chemicals that easily vaporize at room temperature. They are called organic 

because they contain the element carbon in their molecular structures. VOCs have no color, smell, or 
taste. VOCs include a very wide range of individual substances.  

 
Several Polyaromatic Hydrocarbons (PAH) that are emitted from coal-fired power station, 

waste incinerators and chemical fabrication industries, are very harmful to the environment and human 
health and can cause cancer or a higher risk of cancer. Recent studies show that chlorinated aliphatic 
and aromatic hydrocarbons are suspected to the precursors of dioxin’s formation. Some Poly-Nuclear 
Aromatic Hydrocarbons are strictly prohibited in China, such as: benzo, anthracene, benzo pyrene, 3,4 
benzo fluoranthene, benzo fluoroanthene, chrysene, acenaphhylene, athrecene, benzo(g.b.i)perylene, 
fluorine, phenanthrene, dibenzo(a,b)anthracene, indeno(1,2,3-cd)pyrene, pyrene, tetrachloroethylene, 
toluene, trichloroethylene and vinylchloride. 

 
Dioxin is one of the most toxic chemicals know. Some of PAH part will be emitted as dust 

particles and others will be emitted with flue gas. Based on the analysis the coal used in China, there 
are some harmful compounds will be emitted into the environment during the burning. Some part of 
dioxins will be deposited on the preheater, superheater and on the bag filter of the incinerator, other 
part will emitted to the air. Certainly the emitted amount and pattern are depend on the type of 
incinerator, the temperature, the material used and the treated waste itself. For example the emitted 
PAH ratio by coarse coal has been measured in a large coal boiler as follows, see table I: [1] 

  
 Certainly the emitted PAH amount depend on the temperature of the incinerator, the higher 

temperature the less emitted. But it is so clear that most of the above-mentioned organic hazardous are 
emitted with flue gas to the air. 

TABLE I. EMITTED PAH RATIO BY COARSE COAL IN A LARGE COAL BOILER 

 Total emitted 
(µg/Nm3) 

As dust particles  
5µ % 

As dust particles 
 5µ % 

as flue gas  
% 

NA 26.7 14.5 10.8 74.7 
BP 27.6 10.3 9.7 80.8 
FL 5.58 2.7 4.6 92.8 
PH 8.86 4.9 3.4 91.8 
AN 0.82 3.2 9.2 87.6 
FA 31.9 3.8 1.1 95.2 
PY 4.3 24.1 24.2 51.7 
TR 0.97 7.0 10.5 82.1 
BFL 0.75 9.5 10.7 79.8 
BaA 2.25 15.0 5.7 79.3 
BkP 0.11 6.5 47.2 46.3 
BaP 0.036 13.9 38.9 47.20 
DbahA 0.18 29.2 19.1 51.7 
BghiP 0.09 34.3 40.9 24.7 
3MA 0.044 11.3 43.2 45.5 
COR 0.058 17.2 65.5 17.2 
Total 110.25 13.0 21.5 65.5 
 
According the preliminary survey in 7 municipal waste incinerators in China shows that the 

dioxins in three incinerators are under the allowing emitting standard (less than 1.0 ngTEQ/m3) and 
four of them are over the standard, even one incinerator to the 100 ng TEQ/m3. The dioxin ration in 
dust practices and in flue gas emitted from different incinerators has been measured, see table II [2] 
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TABLE II. THE DIOXIN RATION IN 7 MUNICIPAL WASTE INCINERATORS IN CHINA 

 as dust particles 
(ng/kg) 

as flue gas 
(ng/m3) 

Municipal waste incinerator   (200t/d) 198-242 0.24-0.38 
Municipal waste incinerator  (350t/d) 442 0.050-0.075 
Municipal waste incinerator   (300t/d) 778 3.59-5.65 
Municipal waste incinerator  (225 t/d) 48,200 6.03 
Small municipal waste incinerator (150 kg/d) 1,473 25.5 
Clinic waste incinerator (300kg/d) 9,718 51.62-66.78 
Solid waste incinerator (20t/d) 7.18 7.18 

 
All the above data shows that the PAH and Dioxins have been serious concerned by the Chinese 

Government and have issued related standard.  
 
Over the last few years, a promising wet FGD process has been under development. Limestone 

and wet scrubbing processes are widely used for the flue gas desulfurization (only for SO-2 removal) 
recently. But the by-product of this process is the plaster waster containing water and impurities, and 
water is discharged to the ground causing the second pollution. Ammonium method is also a kind of 
quite mature and economic flue gas removal process, but it is also limited on SO-2 removing. Many 
countries around have imposed industrial emission limits and this move has forced to find a cost and 
effective solutions to SO-2 and NOx pollution control. Conventional technologies --wet scrubbing for 
SO-2 and selective catalytic reduction SCR for NOx has reached their full potential. This wet 
ammonia process has the potential to improve the waste management in conjunction with providing 
sulfur dioxide, SO-2 removal efficiency in excess 95%. The attractiveness of the ammonia scrubbing 
process appears to depend on the ability of the plant to sell ammonium sulfate fertilizer. At present, 
the wet ammonia FGD process offers the unique advantage of an attractive ammonium sulfate by-
product that can be used as fertilizer.  

 
The removal of VOCs from the flue gases of thermal power plants becomes more problematic 

due to the presence of other pollutants such SO-2, NOx and dust particles. They are also problems 
associated with the application of conventional technologies to control VOCs emission from industrial 
facilities. The cleaning processes are rather expensive which compare to emitting production facilities. 
Their energy consumption may be quite high, especially for off gas containing only few 
concentrations of VOCs. The problems remaining to be solved promoted the investigation of the 
application of EB for the cleaning of industrial off gas and flue gas from power plants to control the 
emission of VOCs. 

 
New technologies are being investigated for industrial scale commercial viability. One of them 

is the Electron Beam EB scrubbing process, which follows the simultaneous removal of SO-2, NOx, 
PM-10, VOC and CO-2 from the flue gas. The potential of using EB to remove SO-2 and NOx was 
first investigated by Japan Atomic Energy Research Institute (JAERI) and the Ebara Corporation in 
early 1970. The method has since then been developed from laboratory to pilot and large 
demonstration scale, by R&D and implementation works in Germany, Japan, Poland and USA.  Based 
on the experience obtained from several pilot plants, the Ebara Corporation built the first commercial 
scale EB flue gas treatment plant at Chengdu Thermal Power Plant in China in 1997 in co-operation 
with Chinese Government. At the same time in Nagoya Japan, in Pomorzany Poland and in Hangzhou 
China several industrial scale with dry EB commercial flue gas treatment power plants have been 
successfully putted into operation.  

 
The current state of research and development of EB for removal VOCs from flue gas has been 

demonstrated that the EB process has a strong advantage over other technologies in a single process to 
remove SO2, NOx, dust and VOCs from flue gas.  
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The major products of irradiated organic compounds are H2O, CO2, CO, and HCl, for 
chlorinated hydrocarbons. Irradiation of the air containing vaporized water caused production of active 
species as HO2, O, N, H and OH radicals. The significant part of degraded volatile organic compounds 
is decomposed by oxidation process were the most effective oxidizing species are OH radicals. The 
efficiencies of decomposition of VOCs have been ranged from 60% to 90%. 

 
The development of EB treatment of flue gas will be its optimization. Two main problems have 

to be solved at this stage, which are the reduction of energy consumption and an effective collection of 
by-product. Some further R&D is needed to reduce the energy consumption and reliable collection the 
by-products before the EB treatment process could be applicable to large power Stations around 300-
600 MW.  

 
Based on the unique advantage of the EB process, aiming to explore the possible economic and 

reliable process for removing SO2, NOx, PM-10, VOC and CO2 simultaneously, the E-beam trap 
tower process, based on the semi-dry process, has been developed in 2001, INET, Tsinghua 
University. After the ESP, the flue gas through a spray Drier, in which the flue gas cooling down and 
increased it moisture as required. At the same time the liquid is dried by the heat flue gas and then 
collected at the bottom of the spray drier as the fertilizer (ammonium sulfate). The flue gas further 
enter the E-beam irradiation chamber and flow into the trap tower, in which the fine particles, the 
leakage NH3, the ammonium sulfate and all others are absorbed in the liquid phase, and the liduid is 
pumped back to the spray drier. Then the flue gas is through the chimney emitted into the air. The 
laboratory can treat flue gas around 10,000 M-3/hr with a 0.6 Mev 40 KW accelerator and 20 KHz 50 
KW corona. The inlet SO2 is about 400-3,000 ppm and NOx is about 100-1,000 ppm. The electron 
beam treatment of volatile organic pollutants contained in flue gases is going on in the research project 
in Tsinghua University. The pilot plant and its design are shown in figure 1. 

 
 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 1. Pilot plant for electron beam processing of VOCs in Tsinghua university and its design  
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The results obtained in the pilot scale are very encouraging, the removed rates are about 95 % 

for SO2  and for NOx is higher than 50 % when the dose is 0.8 – 2 KGy. In the same facility, the 
polluted wastewater treatment was also tested and the results are exciting. 

 
In order to perform the VOC EB-treatment the facility is under reconstruction and the Analysis 

Central of Tsinghua University has calibrated the VOC chemical analysis method. The high resolution 
Gas Chromatography/Mass Spectrometry (GC/MS) and other physical and chemical methods will be 
used in the analysis. A volatile organic sampling train will be used to collect emission sample of VOC 
based on international standard (for example US-EPA 0030 etc.) method. Due to the organic matter 
can be experience different processes during combustion in coal–fired power station: desorption from 
the coal, combustion adsorption in system components or dilution through different effluents. So the 
sampling of coal and solid samples, such as ash and slag, will also be taken out with the sampling of 
gaseous emissions.  

 
The research plan is to develop an E-beam technology to evaluation of degradation effects of 

organic pollutants in gaseous phase, to explore the VOC removed effects via E-beam dose under 
different conditions, to study radiation effects on VOC degradation in gaseous phase and investigation 
of by products formed by application of new and advanced analytical methods, and to perform 
economical and technical evaluation of the EB technology for VOCs emission control process based 
on the laboratory experiments.  

 
The key point, which we should concern, is that with what kind of technology, which could be, 

reduced the emission of SO2, NOx, PM-10, VOC and CO2 simultaneously. We believe that the new 
developed E-Beam process could be the one of best candidate to reach the goal with high efficiency, 
low capital cost and operation cost reliable and economical way without second pollutants in the 
Chinese market.  

 
REFERENCES 

 
[1] Yan Weixi, Cul Wenxuan, Xu Xiaobai,  “The characterizations and mutagenicities of emission 

based on particles size distribution from the large boiler fired with cal I power plant”, 1990 
TOBET 

[2] Guo-Gang, Li Hong-li, “The present status of Persistent Organic Pollutants Environmental 
Monitoring in China”, Environmental Monitoring in China Vol. 20,N0.4, Aug. 2004 
 
 



  47 

FEASIBILITY AND PLAN OF THE RESEARCH ON REMOVAL OF MULTI-
POLLUTANTS IN FLUE GAS WITH ELECTRON BEAM IRRADIATION 

MAO BENJIANG, YANG RUIZHUANG, CHU HAILIN, REN ZHILING 

Institute of Environmental Protection Engineering, China Academy of Engineering Physics, 
Mianyang, Sichuan, China 

 
Abstract 

The air pollution in China is a type of coal burning, and the main reason is SO2 and NOx in flue gas 
exhausted from a great deal of coal-burning facilities. The investigation is mainly focused on some 
technical parameters that control removal efficiency, such as electron beam injection dose, temperature 
and humidity of waste gas in reaction vessel, kinds of pollutants and quality of by-products, etc. During 
investigation, the objective organic compounds will be investigated firstly one by one in the flue gas 
contained SO2 and NOX, that is each objective organic components will be investigated separately and 
then two or more together. 

 

1. BACKGROUND 

 
The total amount of SO2 exhausted in China was 19.4 million tons in 2001, 19.3 million tons in 

2002 and 21.6 million tons in 2003. The total amount of SO2 exhausted from industrial facilities was 
15.7 million tons, 1.56 million tons and 17.9 million tons separately, occupied more than 80% of the 
total exhausted amount in the air [1]. The main industrial pollution sources are power plants, 
metallurgy mills, and chemical plants, in which the thermal power plants are the key targets controlled 
by Chinese government for acid rain control. At the end of 2003, the electricity generation capability 
in the whole country of China was 384 million kilowatts, 74.3% of which (286 million kilowatts) was 
generated by thermal power plants. According to the statistics of the government, 54.9% of the total 
amount of SO2 exhausted from industry was made by thermal power plants in 2002 and 61.7% in 
2003. It is anticipated that coal-electricity will be about 336 million kilowatts by the end of 2005. At 
the same time, the amount of coal consumption will be up to about 1 billion tons, which will occupied 
56% of total coal consumption in China, and the amount of SO2 exhausted will be 18 million tons or 
so, which will occupied about 60% of total SO2 exhausted in China. In addition, pollutants from 
industrial flue gas are mainly consists of NOX, CO, CO2 and VOC, etc, so the types of pollutants in 
industrial exhausted flue gas are complex very much and the amount exhausted is larger. At present, 
only few industrial plants have established pollution control facility for the sake of absence of 
economical and effective purifying process. Therefore, it is significant to develop economical and 
high-effective process to control gaseous pollutants in China, such as EB process, et al. 

 
There are many kinds of pollutants exhausted from industrial facilities as metallurgy and 

chemical industry. The pollutants usually exist in liquid and (or) gaseous wastes, in which there are a 
large amount of organic and multi-pollutants, and normally purified difficultly. For example, 
pollutants exhausted from iron & steel industry mainly are SO2 and NOX  in flue gas from sintering 
furnace, and many organic compounds (such as hydroxybenzene, indole and quinoline, etc.), cyanide, 
CO and NH3 in exhausted waste gas and water from coking facilities, and most of them are high toxic. 
They are difficult to be decomposed. At present, only a few wastewater and almost no waste gas are 
purified. The conventional processes are costly and un-effectively, some pollutants even are incapable 
of decomposing. 

 
If the EB process is applied for decomposing above pollutants in wastewater and waste gas, the 

wastewater contained pollutants as NH3 and organic compounds may be used as cooling water in the 
cooling tower, the NH3 contained in wastewater and waste gas may be used as reagent, all above 
pollutants will be converted to foreseeable harmless matters as NH4SO4, NH4NO3, CO2, H2O, etc. in 
which the first two by-products are useful fertilizer and others are harmless.  
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We can forecast that above thought is a new way to solve special pollution of metallurgy and 

chemical industry, and will be promising and competitive. 
 

2. FEASIBILITY OF THE RESEARCH PROJECT 

2.1. Up-to-date investigation  

 
The feasibility of EB process used for removal of SO2 and NOX has been testified successfully 

by the investigation based on tens bench scale installations to demonstration plants. As for VOC and 
other organic compounds, there are also many active and successful investigations as follows: 

 
Polycyclic Aromatic Hydrocarbons (PAH) are mainly exhausted from coal fired flue gas. 

Researchers in Poland have proved that electron beam irradiation can decompose them effectively [9-

11]. It is also feasible to handle halogenation hydrocarbon with electron beam irradiation by 
investigation，whose advantage is to decompose organic compounds at low temperature and low 
concentration in a short time, and its final products are nontoxic. Electron beam Irradiation is also 
adopted to decompose organic compounds as trichlene, ethylene tetrachloride, carbon tetrachloride, 
etc. The removal efficiency of most typical gaseous chloride organic compounds is about 50-80% with 
4-8kGy irradiation dose. 

 
Organic compounds in water also can be decomposed by electron beam irradiation. At the 

beginning of 1970's, many countries carried out a lot of researches about irradiation decontamination 
of wastewater, and established plants which using ionization radiation to deal with wastewater. At 
present, there are several advantages of sewage disposal with electron beam irradiation. This 
technology can decompose effectually organic compounds that are poisonous and difficult to be 
decomposed by a traditional way. It will not generate any waste sludge and new contaminations [12]. 

 

2.2. Features of EB process 

 
A large number of active radicals are produced through electron beam radiating flue gas. The 

oxidation of SO2 and NOx in flue gas happened by above radicals, and vitriolic and nitric acid are 
produced. Finally, (NH4)2SO4 and NH4NO3 particulate are produced when adding reagent NH3.  
(NH4)2SO4 and NH4NO3 can be collected by particulate collector, such as ESP. Comparing with other 
processes, EB process has characteristics as lower operation cost, removing SO2 and NOx 
simultaneously, high desulfurization efficiency, no new pollutants produced, byproduct (NH4)2SO4 
and NH4NO3 can be used as fertilizer and better flue gas burthen tracking ability, etc.  

 
2.2.1 Pilot plant investigation  
 
IEPE (Institute of Environmental Protection Engineering of China Academy of Engineering 

Physics) started to develop EB process in the earlier year of 1990s. In 1999, a pilot plant was 
established at Science Town, Mianyang, Sichuan [2], whose maximum disposal amount of flue gas is 
12,000Nm3/h. The treated flue gas is from coal fired thermal power plant located at Science town, 
which can be simulated through injecting pure gaseous SO2 and NO. 

 
The removal efficiency of SO2 in the pilot plant can be over 90% with 4kGy～7.5kGy 

irradiation dose. The ammonia concentration in exit flue gas is less than 50ppm, and the byproducts 
(NH4)2SO4 and NH4NO3 were obtained, which meet national standards as ammonium sulfate (GB 535-
1995) and coal fired ash from boiler for agriculture usin (GB 8173-87). 
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Based on our many years research, the EB process we developed has some characters in process 

flow, flue gas cooling, electron beam irradiation, reaction vessel and by-product collector and so on. 
So we call the EB process we developed as EA-FGD process. 

 
2.2.2. Industrial demonstration plant 
 
The industrial demonstration plant is located at Jingfeng thermal power plant of Beijing [6, 7] 

and EA-FGD process is adopted. The maximum flue gas flow designed is 630,000Nm3/h and the 
removal efficiencies designed of SO2 and NOx are 90% and 20% respectively. The SO2 and NO 
concentrations at the entrance are 4,200mg/m3 and 1,200mg/m3 respectively. The difference from other 
similar plant in China is that a flue gas sedimentation box between the reactor and byproduct collector 
ESP is placed, which is used to collect part of byproducts. So the flue gas retention time is prolonged, 
and the burthen of by products for collector ESP is reduced. By-product collector ESP adopts some 
special measures which elaborately developed by us based on the pilot plant, such as small frame and 
multilevel vibration mode, specialized electrodes mates, and current and voltage power supplies used 
in series, etc. Three electron accelerators are adopted in series mode and the electron energy is 
1.0MeV-1.2MeV. The matching technology of Electron beam dosage and flue gas flow state is used in 
reactor vessel design. The air flow for cooling titanium foil is organized in series mode, and the air is 
injected into reactor vessel finally. This will remarkably reduce the energy lost in two titanium foils 
and increase the removal efficiency. 

 
The demonstration plant is under construction now and will be finished by the end of this year 

in schedule. 
 
2.2.3 Equipments  
Excepting for the research work in EB process, IEPE has the experience in treating VOC such 

as benzene, methylbenzene, acetone, formaldehyde, etc. with pulse corona discharge at a bench scale 
installation, and purifying wastewater with high concentration organic compounds in an experimental 
apparatus with the capacity of 100t/h by arc discharging among the wastewater. For example, initial 
TNT concentration of 25ppm and 50ppm were treated separately, whose decomposing efficiencies 
reach 80％ and 70％ respectively [13].  

 
Excepting for two bench scale installations and one pilot plant will support present and future 

research project, there are many advanced analyzing and monitoring equipments in IPEP, which this 
research project needed as CEMS for flue gas components monitoring, DX-320 ion chromatogram 
which can analyze various general anions and cations, PeakNet6 chromatogram workstation which is 
convenient for index, and Agilent GC, GC/ MS analyzer and chart auto index workstation, etc. 

 

3. RESEARCH IIM, PLAN AND TECHNICAL ROUTES 

3.1. Research aim 

 
The far future aim of the research is to develop a process, which can be used to decompose 

pollutants in waste gas and wastewater exhausted from metallurgy and chemical industry. For this 
research project, the aim is to testify the feasibility of the process we proposed by investigation at a 
bench scale installation and make clear some basic questions as possible process, technical parameters 
to control the removal efficiency, the quality of by-products and so on. The mechanism of chemical 
reaction will also be probed. The result of above research project will deliver some crucial information 
for future pilot plant investigation and industrial application. 
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3.2. Research plan and technical routes 

 
3.2.1 Research objectives 
Pollutants exhausted from an iron and steel mill are a typical sample, which included various 

pollutant components as VOC, PAH, other organic compounds usually existed in the wastes exhausted 
from metallurgy and chemical enterprises, and minerals. They are mainly contained in waste gas and 
wastewater that will make present EB process for removal of SO2 and NOx possible to be made use 
of. Because the wastewater contained pollutants may be used as cooling water to decrease the 
temperature of flue gas, which exhausted from sintering furnace and contained SO2 and NOx. 
Ammonia contained in wastewater and waste gas and exhausted from coking plant may be used as 
reagent. Normally, a coking plant is included in an iron and steel mill. So, the object of this research 
project that we select should be an iron and steel mill, in which a coking plant located.  

 
3.2.2 Research plan and technical routes 
 
By sampling from waste gas and wastewater exhausted from coking plant and sintering furnace, 

analyzing and making clear the main pollutant components, and then we can choose several typical 
organic objects as the representative of VOC and PAH we should research. All the research will be 
based on above chose organic object representatives. 

 
We have sampled many samples from an iron and steel mill located in Jinan city located at 

eastern China and analyzed their components by DX-320 ion chromatogram, PeakNet6 chromatogram 
workstation, and Agilent GC, GC/ MS analysis instrument and chart auto index workstation. All the 
work is now on its way. The primary results are shown in table I. 

TABLE I. POLLUTANTS’ CONCENTRATIONS IN COKING WASTER WATER FROM THE 
COKE PLANT OF JINAN IRON & STEEL COMPANY 

Pollutants Ammonia 
(mg/L) 

Hydroxybenzene 
(mg/L) 

Cyanide 
(mg/L) 

Sulfide 
(mg/L) pH CODcr 

Concentration 2849 1666 399 510 9.8 7600 
 
3.2.3. Establishing a bench scale Iistallation 
 
A bench scale installation should be established. It will be build up at our 300MeV electron 

accelerator laboratory. The installation will include 1) a simulation waste gas and wastewater system, 
which can simulate waste gas and wastewater containing objective organic compounds, SO2, NO and 
NH3. This system can also heat simulated waste gas and atomize wastewater; 2) cooling and absorbing 
tower, where the simulated high temperature waste gas may be cooled down by spraying wastewater; 
3) an irradiation system, which composed of an accelerator with two 300~500keV irradiators and a 
reaction vessel; 3) a bag filter for collecting by-products and 4) an ammonia station, which can supply 
ammonia for the simulation waste gas and wastewater system, and also be used for supplying reagent. 
The installation is just like a real waste gas and wastewater treatment plant for decomposing 
pollutants, but its scale is small, which flue gas flow is about 10~100Nm3/h. The flow diagram is as 
fig.1. 
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1- cooling tower; 2- reaction vessel; 3- bag filter; 4- electron beam accelerator; 5- ammonia station; 
6- electric heater; 7- simulated waste gas pot; 8- simulated wastewater vessel; 9- pump; 10- fan. 

FIG. 1. Process flow of the benchs scale installation 

3.3. Investigation 

The investigation is mainly focused on some technical parameters that control removal 
efficiency, such as electron beam injection dose, temperature and humidity of waste gas in reaction 
vessel, kinds of pollutants and quality of by-products, etc. During investigation, the objective organic 
compounds will be investigated firstly one by one in the flue gas contained SO2 and NOX, that is each 
objective organic components will be investigated separately and then two or more together. 

 
3.3.1. Mechanism probe 
The mechanism of decomposing organic compounds are to be probed based on the investigation 

results and plasma chemistry theory. The present chemical software should be used to simulate the 
process of decomposing organic compounds, reaction mechanism, and the relationship of removal 
efficiency with process technical parameters as electron beam injection dose, temperature, humidity, 
the quantity of organic components, etc. The aim of the mechanism probe is not only to make the 
reaction mechanism clear on the complicated pollutants system in flue gas, but also to gain a 
simplified equation for the future investigation and its industrial application. 

 

4. TIME TABLE OF THE RESEARCH 

4.1. May to June 2005 

 
Investigation of pollutant components in the waste gas and wastewater exhausted from the 

plants of metallurgy and chemical industry. The emphasis of the investigation is focused on the 
pollutants existed in the waste gas and wastewater exhausted from an iron and steel mill. The typical 
objective pollutant components system should be established. 

 

4.2. July to December 2005  

 
Design and establish a bench scale installation, which will be used for the investigation. The 

simulated flue gas flow of the bench scale installation will be 10Nm3/h to 100Nm3/h. It will be built up 
based on a 300keV to 500keV electron beam accelerator. The primary theory estimation of chemical 
reaction and relative technical parameters should be done based on some basic theory, former 
researching results and chemical simulation software. 
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Some instrumentation and chemical analyzing preparation should be finished, such as standard 

samples related to the future pollutant components and the products possibly produced during treated 
process, analyzer check and so on. 

4.3. January to May 2006 

 
Based on the bench scale installation, the investigation of single objective organic compounds 

will be done. That is investigating each of the objective organic compounds separately in the flue gas 
contained SO2 and NOX. 

 

4.4. June to December 2006 

 
Based on the results of the investigation of single objective organic compounds, the 

investigation of two or more blended objective organic compounds will be done and finished during 
this period. 

 

4.5. January to May 2007 

Based on above investigation results of single and multi organic compounds simulated flue gas 
system, reaction mechanism and simplified equation will be researched during this period. 

 

4.6. June to Dec. of 2007 

Summary the theory and investigation results, report writing and some supplement investigation 
if needed.  
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Abstract 

The Air Pollution Control Law was revised on May 2004 for reduction of the emission of VOCs from 
factories. Reduction of the emission of VOCs to the atmosphere will be required for existing and new 
factories and plants at which huge amounts of VOCs are utilized after the enforcement of the revised Air 
Pollution Control Law. In case of the existing large-scale factories and plants, high-concentrated VOCs in 
ventilation gases has already been treated from a few % to a few hundreds ppmv with the absorption by 
activated carbons, the thermal incineration, and the catalytic oxidations, etc. Additional compact 
treatment systems are required for the purification of high flow-rate ventilation air mixtures containing 
dilute VOCs. The electron beam (EB) treatment is suitable for such a time-saving purification of 
ventilation air mixtures, because dilute VOCs can be quickly decomposed by EB induced free radicals at 
high concentrations. In our groups, the purification process using EB irradiation has been developed 
based on the decomposition reactions and property changes of organics. Aerosols and gaseous organics 
were produced from aromatic hydrocarbons in air by EB irradiation. The yields of aerosols and gaseous 
organics relative to decomposed chlorobenzene were 39-43% and 26-28%, respectively, at doses of 4-8 
kGy, respectively. The filter was clogged with aerosols in filtration of aerosols, because of the stick 
aerosols absorbing gaseous water in air mixtures. The collection treatments of aerosols, for example an 
electro-precipitator after EB irradiation, is regarded as one of possible purification treatments of the 
aromatic hydrocarbons/air mixtures. Chloroethylenes except for monochloroethylene are decomposed 
into water-soluble gaseous primary products, such as chloroacetyl chlorides, carbonyl chloride, formyl 
chloride, through Cl-atom chain oxidation in air mixtures by EB irradiation. The hydrolysis of these 
gaseous products in irradiated air mixtures is prospective to be applied to the purification of 
chloroethylenes/air mixtures with lower doses, because these primary products are water-soluble. The 
result of a pilot-scale experiment for the degradation of dioxins in a flue gas at waste incinerator is 
introduced briefly in the present report. 

 

1. BACKGROUND 

1.1. Regulations for emission of VOCs to the atmosphere 

 
Volatile organic compounds (VOCs) have been used widely as solvents, reagents for de-oil, and 

chemicals for synthesis in developed countries. Photochemical oxidants and suspended particulate 
matters (SPM) causing respiratory diseases have been produced from VOCs emitted to the atmosphere 
through photochemical reactions induced by sun-UV 1. In Japan, the recent estimation of the Ministry 
of the Environment showed that approximately 10% of SPM is generated from VOCs from factories 2. 
The annual emitted amounts of VOCs to the atmosphere are reported to 1.73×109 kg (90% for a 
stationary source and 10% for a mobile source) for Japan 3. The proportion of VOCs used as solvents 
relative to the emitted VOCs for Japan is 71.5% and was 1.5 times and 2.4 times as high as those for 
Germany and USA, respectively. In Japan, achievement rates of the environment standards for SMP 
are 52.6% at ambient air pollution monitoring stations and 34.3% at roadside air pollution monitoring 
stations in FY 2002 (April 1, 2002 - March 31, 2003) 4. Photochemical oxidant warnings were issued 
in 23 different prefectures during 184 days in FY 2002, aggravated to the level of mid-1970s 5. The 
number of people claiming damages from photochemical oxidant was 1,347 in FY 2002. The Air 
Pollution Control Law was revised on May 2004 to prevent the air pollution from SPM and 
photochemical oxidants by controlling the emission of VOCs from factories 2. The factories of large 
emission of VOCs are targeted for legal control under request of business entities' voluntary approach.  
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The six types of factories, as shown in Table I, have been sorted out as those subjected to the 

legal control, based on the recommendations made by the Central Environment Council on April. 2005 
6. Each factory will have the provisional emission standards and limits by each expert committee. The 
amended law will come into act within two years from the promulgation, on the date stipulated by a 
Cabinet ordinance. 

 
The release for diverse hazardous chemicals including VOCs from stationary sources to the 

atmosphere has been suppressed indirectly by the requirement of reporting environmental releases of 
354 kind chemical substances for Pollution Release and Transfer Register (PRTR) system. The legal 
control targets factories, for example those using specified chemicals at volumes larger than 1×103 
kg/y, ought to report the data on the annual released and transferred amounts for chemicals to the State 
government. The released and transferred amounts in FY 2003 at 41,079 factories are reported as 
2.91×108 and 2.40×108 kg, respectively [7]. The total amount released to the atmosphere (88% of the 
total releases), to the water (4.1%), the on-site-land (0.1%), and the on-site-landfill (7.7%) is 2.50×108 
kg. The chemicals ranking in the top 10 of chemicals released to the atmosphere are summarized in 
Table II. 

 
The reduction of the emission amounts of VOCs to the atmosphere will be required for the 

existing and new factories and plants at which huge amounts of VOCs are utilized after the 
enforcement of the revised Air Pollution Control Law associating with PRTR system. In case of the 
existing large-scale factories and plants, high-concentrated VOCs in ventilation gases has already been 
treated from a few % to a few hundreds ppmv with the absorption by activated carbons and 
hydrophobic zeolites, the thermal incineration, and the catalytic oxidations, etc. Additional compact 
treatment processes without the pressure drop of air streams in the process have been required for 
further purification of the ventilation gases containing dilute VOCs at high flow rate. 

 

TABLE I. TYPE OF FACILITIES, PROVISIONAL EMISSION STANDARDS (CES), AND 
LIMITS SUBJECTED TO REVISED AIR POLLUTION CONTROL LAW 

 
 

 Facilities Ces / ppmC Limits 
a Coating facilities and drying/ 

baking facilities 
400-600 blower capacities 

>105 m3/hr (coating) and 104 m3/hr 
(others) 

b Drying facilities for 
manufacturing chemical products 

600 blower capacities 
> 3×103 m3/hr 

c Industrial cleansing facilities and 
drying facilities 

400 solvents surface area connected to air 
> 5 m2 

d Printing facilities and 
drying/glazing facilities 

 
400 
700 

blower capacities 
> 7×103 m3/hr (printing) 
> 2.7×103 m3/hr (glazing) 

e VOCs storage facilities - - 
f Adhesive using facilities and 

drying/glazing facilities 
1400 blower capacities 

> 5-15×103 m3/hr 
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TABLE II. CHEMICALS RANKING IN THE TOP 10 OF CHEMICALS RELEASED TO 
ATMOSPHERE 

 

1.2. General decomposition process of organics in air by EB irradiation 

The energetic electrons generated from electron accelerator, expose air mixtures containing 
dilute VOCs to produce high-concentrated free radicals and ions through the ionization and 
dissociation of air components [8]. Hydroxyl (OH) radicals are produced along with water ion clusters, 
H3O+(H2O)n (n=1~3), from the reactions between N2

+ and O2
+ with gaseous water [9]. The free 

radicals such as OH radicals and O atoms quickly react with even dilute organics in the gas phase to 
produce their alkyl radicals [10, 11]. The electron beam (EB) treatment is, therefore, suitable for 
purification of ventilation air mixtures at high flow rate. 

 
Alkyl radicals and produced from the reaction of free radicals with VOCs. Their reactions with 

oxygen leads to the formation of primary irradiation products, such as organic acid and aldehyde, with 
lower doses, which are finally resulted into CO2 as non-toxic substances by oxidation with further 
irradiation. Some organics are oxidized into chemicals with various physical and chemical properties 
such as oxidation-resistant, non-volatile (particle formation), hydrolyzable, toxic to human being [12 – 
16]. Other organics, such as trichloroethylene, are oxidized into primary irradiation products through 
chain reactions [17- 23]. Therefore, the EB technologies based on the decomposition reactions of 
VOCs and the property change of chemicals should be required for the efficient purification of 
VOCs/air mixtures. 

 
The EB-induced decomposition reactions has been studied so far for interested VOCs, e.g. 

aromatic hydrocarbons and chloroethylenes, as shown in Table II. Aromatic hydrocarbons have been 
used widely as solvents of paints and materials for the synthesis of plastics in factories. 
Chloroethylenes such as trichloroethylene (TCE) and tetrachloroethylene (PCE) have been utilized as 
washing and de-oil reagents in the production process of mechanical and electric parts. 
Chloroethylenes such as TCE and PCE have been found as major contaminants for groundwater and 
soil contaminations at industrial areas and old factory sites. Dichloroethylenes (1,1-, trans-1,2-, and 
cis-1,2-DCEs) and monochloroethylene (MCE) have also been detected as degradable products by 
microorganisms. These contaminants have been removed from the groundwater and soils by the 
treatment with aeration and subsequent absorption on activated carbons. The absorption efficiency of 
chloroethylenes is extremely low under such a high humid condition. The EB irradiation producing 
high-concentrated free radicals and ions in humid air can be applied to the oxidation treatment of 
chloroethylenes/air mixtures by aeration treatment. 

 

 Chemicals Released amounts to 
atmosphere / 106 kg 

Fraction relative to total 
release to atmosphere 
(228×106 kg) / % 

1 C6H5(CH3) 119 52.2 
2 C6H4(CH3)2 48 21.1 
3 CH2Cl2 25 11.0 
4 C6H5(C2H5) 13 5.7 
5 C2HCl3 5.8 2.5 
6 CS2 5.0 2.2 
7 N(CH3)2CHO 3.9 1.7 
8 C6H5CHCH2 3.8 1.7 
9 CH3Cl 3.7 1.6 
10 C2Cl4 2.0 0.9 
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2. DECOMPOSION OF VOCs BY EB IRRADIATION (AT JAERI) 

2.1. Aromatic hydrocarbons [14-16] 

 
Decomposition of aromatic hydrocarbons in air leads to the formation of particulate products 

(aerosols), gaseous organics, CO2 and CO [12, 13]. The carbon-based yields of aerosols from aromatic 
hydrocarbons such as benzene, toluene, o-xylene, and chlorobenzene have been reported as 49-54% of 
total irradiation products [14, 15]. In general, aerosols can be removed more easily from the gas phase 
with a filter and an electro-precipitator in comparison with gaseous products, because of the large 
momentum of inertia and the high charging rates of aerosols. The products from aromatic 
hydrocarbons can be removed as aerosols from the gas phase by such filtration and collection, instead 
of oxidation completely into CO2 with further irradiation. The physical characteristics study of 
aerosols such as their concentrations, sizes under EB irradiation are required for the efficient 
purification combined the decomposition of aromatic hydrocarbons with the removal of aerosols. 

 
The aerosols from aromatic hydrocarbons will coagulate with other aerosols and deposit on the 

surface of the irradiation vessel/tube with change in their physical characteristics, e.g. their sizes and 
concentrations, during traversing downstream the irradiation vessels. In general, X-rays 
(bremsstrahlung) generated using an accelerated voltage higher than 300 kV have to shielded by 
surrounding the house with a thick wall. On the other hand, the generator of electrons with accelerated 
to kinetic energies of 150-300 keV can be covered with lead (thickness: a few cm) to shield X-rays. 
The generator of EB with energies of 150-300 keV, therefore, enables to reduce the travelling time of 
irradiated air mixtures containing aerosols from an irradiation vessel to an aerosol analyzer. 

 
Irradiation of air mixtures containing chlorobenzene at initial concentrations of 10-40 ppmv 

were preliminarily performed with 175-keV EBs under a flow type experimental condition [16]. The 
concentrations of chlorobenzene decreased lineally with dose and were 75, 57, and 50% of input 
chlorobenzene at initial concentrations of 10, 20, and 40 ppmv at a dose of 10 kGy, respectively, as 
shown in Fig. 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 1. Concentration of chlorobenzene as a function of dose:●: 40 ppmv, ■: 20 ppmv, and ▲: 10 ppmv 
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The carbon-based yields of products relative to decomposed chlorobenzene were examined as a 

function of doses of 4 and 8 kGy for an initial chlorobenzene concentration of 20 ppmv [16]. The 
gaseous products in the irradiated air mixtures were trapped into a gas-washing bottle filled with 0.01 
M NaOH solution. Prior to this bottle, a glass tube stuffed with glass wool was also placed to trap the 
aerosols. The aerosols collected in the glass wool were washed out separately with water.  

 
The total organic carbon concentrations of NaOH and water solutions were measured by a total 

organic carbon (TOC) analyzer. The products deposited on the surface of the irradiation vessel/tubes 
downstream the irradiation vessel are regarded as aerosols, because aerosols are more rapidly deposit 
on the inner surface of the wall of the vessel/tubes than gaseous organics. The carbon-based yields of 
aerosols and gaseous organics were 39-43% and 26-28% at doses of 4-8 kGy, respectively, as shown 
in TABLE III. Total carbon-based yields of products relative to decomposed chlorobenzene were 103-
107% so that that most of aerosols and gaseous organic products were water-soluble.  

 
The concentrations of carboxylate ions (R-COO-) detected in the NaOH solution trapping the 

gaseous products and water dissolving the aerosols were evaluated with an organic acids analyzer 
(Eyela: S-3000), as shown in Table IV. Formate ion (HCOO-), the simplest carboxylate ion, were 
accounted for about 60% of total weight of the detected carboxylate ions in the gaseous products.  

 
Totally, about 40% of the gaseous products was found to be carboxylic acids or esters on the 

basis of carbon (mgC) at 4 and 8 kGy. Only 3% of the aerosols at 4 and 8 kGy based on carbon was 
identified as carboxylic acids or esters as shown in Table V. Same products like acetate (CH3COO-), 
glycolate (CH2(OH)COO-), and α-ketoglutarate (HOOCC(O)(CH2)2COO-) were found both in the 
gaseous products and the aerosols. In the case of aerosols, α-ketoglutarate ion was a major component 
having large molecular weight of all detected carboxylate ions. Such products having a large 
molecular weight, generally low vapour-pressurized products, would be contributed to the aerosol 
formation. 

 
The number concentrations of aerosols were measured as a function of mobility equivalent 

diameter, DZ, by a scanning mobility particle sizer at different doses and initial concentrations of 
chlorobenzene 16. The mean DZ and total number concentration of aerosols as a function of dose are 
shown in FIG. 2 and FIG. 3, respectively. The mean DZ became larger as 75 nm for 10 ppmv, 90 nm 
for 20 ppmv, and 106 nm for 40 ppmv at higher number concentration and doses higher than 8 kGy. 
The values of CN became higher with dose and initial concentration. Under the same initial 
chlorobenzene concentration, the values of CN increase sublinearly with dose and seem to be constant 
values of 1.4×107 for 10 ppmv, 1.7×107 for 20 ppmv, and 2.1×107 cm-3 for 40 ppmv at doses higher 
than 8 kGy, although the concentration of chlorobenzene decreased lineally with dose as shown in Fig. 
1. When aerosol are produced from lower-vapour pressurized compounds through one formation 
reaction process such as homogeneous or heterogeneous nucleation, CN of aerosols are generally 
expected to be proportional to the concentrations of aerosol-precursor compounds with constant mean 
DZ.  

 
The concentrations of the aerosol-precursor compounds is proportional to dose. The increment 

in mean DZ with dose, therefore, suggests that a portion of aerosols coagulated with other aerosols 
during traversing to the analyzer to lose their physical characteristics using a 175-keV EB generator. 
The mean DZ of aerosols produced under EB irradiation is estimated as about 60-70 nm from the 
extrapolation of the three concentration curves shown in Fig. 2 at dose at which the concentration of 
aerosol is low enough to neglect coagulation of aerosols. The filter was clogged with aerosols in 
filtration of aerosols, because of the sticky property of aerosols absorbing gaseous water in air 
mixtures. For application of EB treatment to the purification of aromatic hydrocarbon/air mixtures, the 
collection technologies of aerosols after EB irradiation, for example an electro-precipitator, is regarded 
as one of possible purification treatments of the aromatic hydrocarbons/air mixtures. 
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TABLE III. CARBON BALANCES BEFORE AND AFTER EB IRRADIATION OF 
CHLOROBENZENE/AIR MIXTURES 

 
 
 

TABLE IV. CARBOXYLATE IONS DETECTED IN NAOH SOLUTION TRAPPING GASEOUS 
PRODUCTS AND WATER DISSOLVING AEROSOLS 

 4 kGy 8 kGy 
Carboxylate ions Gaseous products 

/ mgC 
Aerosols 
/ mgC 

Gaseous products 
/ mgC 

Aerosols 
/ mgC 

Formate 0.706 n.d. 0.808 n.d. 
Acetate 0.090 0.003 0.086 0.003 
Glycolate 0.090 0.033 0.092 0.004 
Pyruvate 0.022 0.002 0.014 0.003 
Oxalate 0.062 0.013 0.088 0.021 
Lactate 0.040 n.d. 0.070 n.d. 
Malate 0.008 0.003 0.010 0.004 
α-ketoglutarate 0.162 0.048 0.208 0.068 
Tartarate 0.012 n.d. 0.016 0.003 
Total 1.192 0.102 1.392 0.106 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 2. Mobility equivalent diameter, DZ,as a function of dose●: 40 ppmv, ■: 20 ppmv, and ▲: 10 ppmv 
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8 43.1 26.0 26.8 10.6 106.5 
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FIG. 3. Total number concentration, CN, as a function of dose●: 40 ppmv, ■: 20 ppmv, and ▲: 10 ppmv 

2.2. Decomposition of chloroethylenes at an initial concentration of 300 ppmv  [2] 

 
2.2.1. Chloroethylenes  [20,21,22,23,24,25] 
The changes in concentrations of PCE, TCE, DCEs (1,1-, trans-, and cis-DCEs) and MCE at 

initial concentration of 300 ppmv along with the results for ethylene (ET), 1,1,2-trichloroethane 
(TCA), and 1,2-dichloroethane (DCA), were examined as a function of dose by EB irradiation of these 
hydrocarbons/air mixtures sealed in glass vessels (so-call, a batch type experimental condition). The 
differential concentrations of PCE, TCE, and DCEs within doses of 0-2.5 kGy were several times as 
large as that of MCE and ET, and became larger in the order of PCE > TCE > trans-DCE > 1,1-DCE > 
cis-DCE, as shown in Fig. 4. The concentrations of TCA and DCA decreased lineally with dose up to 
7.5 kGy and seemed to be constant at higher doses. For PCE, TCE, DCEs, the differential 
concentrations of chloroethylenes except for MCE with 100-ppmv NH3 as a Cl-atom scavenger 
decreased to 62, 71, 78, and 84% of those without NH3, while the differential concentrations of MCE, 
ET, TCA, and DCA were constants with and without NH3. The decrease in the differential 
concentrations suggests that chloroethylenes except for MCE are decomposed through Cl-atoms chain 
reactions similar to their UV-induced oxidation process [26,27,28,29,30]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 4. Concentration of chloroethylenes, ethylenes, and chloroethanes as a function of dose: ●: PCE, 
■: TCE, ♦: 1,1-DCE, ▲ : trans-DCE, ▼: cis-DCE, ►: MCE, ○: ET, ■: 
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2.3. Decomposition of chloroethylenes at different initial concentrations 20,21,22 

The changes in the concentrations of chloroethylenes under different initial concentrations were 
examined as a function of dose under a batch type experimental condition. The results for PCE, TCE, 
and MCE are shown in FIG. 5, FIG. 6, and FIG. 7, respectively. The concentration of TCE at initial 
concentrations of 50-1800 ppmv decreased exponentially with dose. The doses required for 90% 
decomposition were 3.2-5.5 kGy for 150-1800 ppmv, 3.8 kGy for 50-1800 ppmv TCE, 4.2-10.8 kGy 
for 100-2000 ppmv 1,1-DCE, 4.4-18.8 kGy for 100-2000 ppmv trans-DCE, and 5.8-20.2 kGy for 100-
2000 ppmv cis-DCE. On the other hand, the dose for 90% decomposition of MCE even at an initial 
concentration of 150 ppmv was estimated as 35 kGy from the extrapolation of the decomposition 
curve shown in FIG. 7. Tetrachloroethylene, TCE, and DCEs can be decomposed into primary 
products at lower doses through Cl-atoms chain reactions. 

 
 
 
 
 
 
 
 
 
 
 

FIG. 5. PCE concentration as a function of dose:●: 1800 ppmv, ■: 1400 ppmv, ♦: 900 ppmv,▲: 600 
ppmv, ▼: 300 ppmv, and ○: 150ppmv 

 
 
 
 
 
 
 
 
 
 
 

FIG. 6. TCE concentration as a function of dose:●: 1800 ppmv, ■: 1400 ppmv, ♦: 800 ppmv,▲: 600 
ppmv, ▼: 400 ppmv, and ○: 300ppmv 

 
 
 
 
 
 
 
 
 
 

FIG. 7. MCE concentration as a function of dose:●: 500 ppmv, ■: 300 ppmv, and ♦: 150 ppmv 
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2.4. Primary products  [23]. 

 
Primary products were analyzed by a GC-FID, a GC-MS, an ion chromatograph, CO2-analyzer, 

and CO-analyzer. Degradation of chloroethylenes led to carbon-carbon (C-C) bond maintenance of 
primary products and cleavage of C-C bond as listed in TABLE V. The ratios of C-C bond 
maintenance to cleavage of a C-C bond are also shown in this table. Chloroethylenes having either C 
connected with two Cl atoms, such as PCE, TCE, and 1,1-DCE, were decomposed into primary 
products maintaining a C-C bond. The increase in the number of Cl atoms enhanced the ratio of C-C 
maintenance/cleavage. On the other hand, the degradation of chloroethylenes having both carbons 
connected one Cl atom led to a cleavage of a C-C bond. Tri-, di- and chloroacetyl chlorides are 
hydrolyzed into the corresponding chloroacetic acid. Carbonyl chloride is also dissolved into an 
alkaline solution to produce Cl- and carbonated ions as non-toxic substance. The purification of 
chloroethylenes/air mixtures can be achieved at lower doses by the dissolution of primary products in 
an alkaline solution. 

TABLE V. RATIO OF C-C BOND MAINTENANCE TO PRIMARY PRODUCTS AFTER C-C 
CLEAVAGE 

 
 
 
 
 
 
 
 
 
 

2.5. Decomposition process of chloroethylenes by EB irradiation 

 
2.5.1. Initiation reactions [24] 
The Cl-atom chain oxidation of chloroethylenes except for MCE seems to be initiated by the 

reactions of hydroxyl (OH) radicals and secondary thermalized electrons (including negative ions) 
with chloroethylenes by EB irradiation. Hydroxyl radicals are formed from positive ions scavenged 
with H2O molecules in humid air, as mentioned in section 1.2. Yield of secondary electrons seem to be 
same as that of OH radicals. The contribution of OH radicals and thermalized electrons to the 
initiation reaction of Cl-atom chain oxidation of TCE was examined by the decomposition of 5-50 
ppmv TCE in dry air ([H2O]<10 ppmv) and humid air (300 ppmv < [H2O] < 20000 ppmv) at doses of 
0-3 kGy by EB irradiation of TCE/air mixtures traversing in an irradiation vessel (so-called a flow 
type experimental condition). In the case of initial TCE concentrations of 5 and 10 ppmv, the 
difference in the decrease of TCE concentration with dose was negligible between in humid and dry 
air. The decrease of TCE at initial concentrations of 30-75 ppmv in dry air was lower than that in 
humid air. The difference in its higher decomposition ratio in humid air suggests that TCE of 5-75 
ppmv was effectively decomposed by OH radicals through the Cl-radical chain oxidation. 

 
2.5.2. Chain terminations [25] 
In the Cl-atom chain oxidation of PCE, TCE, and DCEs, the bimolecular reaction of RO2· result 

in alkoxy radicals (RO·), producing primary products and Cl atoms. This Cl-atom chain oxidation of 
PCE, TCE, and DCEs presumably to involve a part of this bimolecular reaction (k2[RO2·]2) and the 
deposition of RO2· on the inner wall of irradiation vessel (k4[RO2·]) as chain-termination reactions.  

Chloroethylenes Primary products C-C bond maintenance / its 
cleavage 

PCE CCl3COCl 
COCl2 

4.5 

TCE CHCl2COCl 
COCl2, HCOCl 

5.0 

1,1-DCE CH2ClCOCl 
HCOCl 

5.4 

trans- and cis-DCEs CHCl2CHO 
HCOCl 

0.17 
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The deposition rate constant, k4, of RO2· on the wall is proportional to d·S/V, where the symbol 

of d is diffusion coefficient of RO2· and the symbols of S and V are the inner surface area of the wall 
of the irradiation vessel and the volume of the irradiation vessel, respectively. The reaction rate for the 
chain-termination reaction, vt, is represented as the equation of vt = k2[RO2·]2 + k4[RO2·]. The 
formation rate of RO2· becomes higher with  the dose rates of the ionizing radiation. 

 
 

2 RO2· 2 RO·  +  O2   (1) 
(RO)2  +  O2 termination  (2) 
RO· Primary products  +  Cl· (3) 

RO2· (in the gas phase) RO2 (on the wall) termination  (4) 
 
The chain terminations of chloroethylene decomposition were examined under different dose 

rates of 5.5×102-5.5×103 Gy/s for electron beam irradiation and 1.4×10−1-3.3 Gy/s for 60Co γ-rays, and 
different S/V ratios of an irradiation vessel of 0.47 and 0.90 cm-1 only by irradiation with electron. The 
chain termination of their decomposition reactions involved the bimolecular reactions of alkylperoxy 
radicals (RO2·) for high dose-rate irradiations by electrons, while it involved the deposition of RO2· on 
the wall of the irradiation vessel beside this bimolecular reaction for low dose-rate irradiations by γ-
rays, and/or irradiations using vessels having larger S/V ratios. 

 
The possibility to cause the termination reactions through the deposition of RO2· on the wall of 

the irradiation vessel should be considered for γ-ray irradiation. Even if the decomposition of 
chloroethylenes is carried out by EB irradiation, such a possibility should be taken into account as one 
of the termination reactions using the irradiation vessels having a large S/V ratio; for example, small 
sized irradiation vessel, material-packed irradiation vessel, and so on. In the case of air mixture 
containing droplets, e.g. stripped air from ground water contaminated with chloroethylenes, the S/V 
ratio may be larger. When air mixtures containing chloroethylenes are required to be oxidized in the 
vessel having a lower S/V ratio, the radiation source generating free radicals at high concentrations, 
like EB generators, is preferably used to promote effectively the chain reaction of chloroethylene. 

 

3. FUTURE PROGRAM UNDER CRP 

3.1. Research objectives 

Development of the decomposition/removal technology of paint solvents, e.g. toluene, xylene, 
using EBs and catalysis for application to painting process at car factories or drying process at printing 
factories 

Development of the decomposition technology of formaldehyde using EBs for  application to 
the post-sterilization process at food-packaging factories 

 

3.2. Work plan 

1st year 
 Studies on decomposition/removal of gaseous paint solvents used in car factory using EBs 

at a laboratory scale 
 Studies on decomposition of gaseous formaldehyde used in sterilization factory using EBs 

at a laboratory scale 
 
2nd year 
 Studies on decomposition/removal of gaseous paint solvents used in car factory using EBs 

at a laboratory scale 
 Process design of rapid decomposition process for gaseous formaldehyde with considering 

the condition of a real sterilization factory 
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3rd year 

 Design and cost-estimation of the real-scale process for decomposition/removal of VOCs 
 
An example of application of EB for the reduction of PCDD/F emission from municipal solid 

waste incinerators (MSWIs) is given below. 
 
Dioxin is a very toxic to human body from the respect to endocrine disrupting character, 

carcinogenicity, and mutagenicity. Dioxin involves polychlorinated dibenzo-p-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs), and coplanner polychlorinated biphenyls (PCBs). The annual 
emission of dioxin in 2001 was estimated to be approximately 1,750 g-TEQ in Japan, in which the 
largest contributor of a municipal solid waste incinerator (MSWI) accounted for half of the emission 
31. The domestic MSWIs have reduced the dioxin emission to 0.5-5.0 ng-TEQ/Nm3 by the 
combination of adsorption with dry activated carbons and precipitation at a temperature below 473 K 
under the suppression of the secondary formation of dioxin. The Government of Japan has built new 
emission standards for dioxin in 1999, in which the existing MSWIs having the incineration capacity 
over 4 t/h must reduce the emission lower than 1.0 ng-TEQ/Nm3 by December 2002 32. An emission 
limit of 0.1 ng-TEQ/Nm3 was set for newly constructed incinerators. To satisfy the new standards, 
local governments have been constructing advanced incinerators or replacing dry electric precipitators 
by bag filters with the repair of furnaces to improve incineration conditions such as turbulence, time, 
and temperature. There are, however, still strong requests for lower PCDD/F emissions than the new 
standards (e.g. <0.05 ng-TEQ/Nm3). New technologies for destroying and not trapping the dioxin are 
of urgent demand in Japan. 

 
The EB treatment of PCDD/Fs was performed using flue gases from an actual MSWI from 

November 2000 March 2002. The facility was constructed at a site of the Takahama Clean Centre 
treating 450 t (150 t×3 furnaces) of solid wastes in 1 day. The incineration of 150 t of wastes caused 
approximately 40000 m3 N/h flue gas. This MSWI has controlled the PCDD/F emission using electric 
precipitators with the addition of dry activated carbons in a diameter of approximately 20 μm. An 
incineration flue gas of 1000 m3N/h for the test facility was obtained downstream of one of the 
precipitators using an induced fan and backed to the main stream in incinerators stuck after EB 
treatment. Electron beams were generated by an electron accelerator supplied 300 kV with a current of 
up to 40 mA. The accelerator, reactor, and tubes connected with the reactor were covered with lead 
(namely, a self-shield accelerator system) so that no additional shielding for any ionization radiation 
was required during irradiation. 

 
Gases before and after EB irradiation were sampled using absorption columns and pre-treated 

through many process of extraction, condensation, purification and re-condensation of dioxins.  The 
concentration of each isomers of PCDDs and PCDFs in the sample gases were measured with a 
GC/MS (JEOL, JMS-700). Decomposition ratio of before and after EB irradiation, 90% or higher, was 
obtained at above 15 kGy. Even initial concentration of around 1 ng-TEQ/m3N in incineration flue gas 
is reduced to 0.1 ng-TEQ/m3N which is on the same level as the regulated emission border of dioxin 
concentration in the EU and the US. Low-toxicity of irradiated gas containing various fragment 
substances was also confirmed in terms of endocrine disrupter using enzyme immunoassay. 

 
Aiming to application of EB technology based on the data obtained in this test, JAERI will 

perform design, feasible study, and evaluation of cost performance to a practical gas treatment 
apparatus used in real-scale waste incineration facilities. 
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Abstract 

EB treatments of VOCs such as toluene, benzene, and styrene are discussed. The degradation 
characteristics were intensively investigated under various concentrations and irradiation doses to 
determine and improve VOC removal efficiencies. This work illustrates that the removal efficiencies of 
aromatic VOCs generally increase as their concentrations decrease and the irradiation doses increase. 
Addition of water vapor into the reactor of a flow system results in significant increase in VOC removal 
efficiencies, presumably due to OH radical formation leading to additional degradation pathways. It was 
also observed that there was a significant decrease in toluene decomposition rate at a temperature of 170 
℃. Based on these basic studies, it was found that by-products produced from EB irradiation of VOCs 
would cause a secondary pollution problem. Therefore, a novel hybrid technology has been applied to 
control aromatic VOCs emission by annexing the catalyst technique with already existing EB technology. 
The experiments were conducted using a bench-scale (as an initial work) and a pilot-scale treatment 
systems that fitted the field size to scale up from the traditional laboratory scale system for VOC removal 
with EB irradiation. Toluene was selected as a typical VOC that was irradiated to investigate by-product 
formation, effects of ceramic and catalyst, and factors affecting overall efficiency of degradation. Styrene 
was also selected as the most odorous VOC compound among the VOCs of interest. It was concluded that 
VOCs could be destroyed more effectively using a hybrid system with catalyst bed than with EB 
irradiation only. 

1. INTRODUCTION 

 
Volatile organic compounds (VOCs) emitted into the atmosphere from paint and petrochemical 

industries as well as automobiles create photochemical oxidants, which have been proven to cause 
cancer-related diseases and bad odors. They also have harmful effects on the atmospheric 
environment. Conventional treatment techniques such as thermal oxidation, absorption, and adsorption 
or catalystic oxidation to control VOCs have high maintenance costs. Recently, there have been 
several studies on the removal of VOCs by electron beam (EB) Treatment. However, those works 
resulted in low removal efficiency at high concentration, and also led to the formation of toxic by-
products.  

 
A hybrid technique was developed using the EB irradiation by installing a catalyst bed inside 

the reactor for complementing some of the drawbacks of the existing EB treatment system. In order to 
control VOCs using the EB and catalyst system, it is necessary to find out appropriate supporting 
material for a catalyst, which can be regenerator, as well as a suitable catalyst for the hybrid system. 
The present investigation will be coordinated with field applications (e.g. power plant, incinerator) of 
radiation technologies for the hybrid system in the future.  

 

2. FACTORS AFFECTING AROMATIC VOC REMOVAL BY EB TREATMENT  

2.1. Absorbed dose  

The relationship between concentration and absorbed dose was investigated using toluene and 
benzene used in industrial processes. The decomposition characteristics of VOCs by absorbed dose are 
shown in Fig. 1 and 2. 
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The general factors affecting VOC removal were initial concentration and absorbed dose. In 

Fig. 1 and 2, vertical axis C/CO indicates the ratio between CO (Initial concentration of VOC) and C 
(VOC concentration after electron beam irradiation). Most of the previous studies (Matzing et al, 
1994; Paur et al., 1995; Hirota et al., 1995; Hasimoto et al., 2000) have been carried out at the 
absorbed dose conditions less than or equal to 10 kGy. Therefore, more extensive range of dose (≤ 60 
kGy) and VOC concentrations were applied in this research. As several workers (Paur and Matzing., 
1993; Matzing et al., 1994; Hasimoro et al., 2000) suggested, it was observed that the removal 
efficiency of toluene increased with the decrease of initial concentration and the increase of absorbed 
dose. This trend was also the same for benzene compound. On the contrary, it was reported that the 
removal efficiency of chloroethens increased with the initial concentration and number of chlorine 
atoms in a molecule (Hasimoto et al., 2000). It was observed that toluene containing CH3 group is 
more readily decomposed than benzene having no functional group. This suggests that the aromatic 
VOC with more functional groups should be easier to decompose than those without functional groups 
as seen in the Table 1. In general, the removal efficiency of toluene did not increase after specific 
treatment time despite the continuous increase in absorbed dose. It is likely that lower doses may be 
helpful since over 80% of toluene is removed when the initial concentrations are low (see FIG 1 and 
2). Paur et al (1991) suggested that the non-linearity of the VOC removal curves should be attributed 
to back reactions or to the presence of VOC having low OH-reactivity. 
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FIG. 1.  Decomposition characteristics of toluene by lower dose and concentration (The dotted lines are 
only connecting lines and do not depict the data points). 
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FIG. 2. Decomposition characteristics of toluene by higher dose and concentration (The dotted lines are 
only connecting lines and do not depict the data points). 
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TABLE I. RATE CONSTANTS K FOR THE GAS-PHASE REACTIONS OF THE OH RADICAL 
WITH AROMATIC COMPOUNDS AT 298K 

Aromatics 10-12×k (298K) 
(cm3 molecule-1s-1) 

Benzene 
Toluene 
Ethylbenzene 
o-Xylene 
m-Xylene 
p-Xylene 
1,2,3-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,3,5,-Trimethylbenzene 
Benzaldehyde 
Phenol 

1.23 
5.96 
7.1 
13.7 
23.6 
14.3 
32.7 
32.5 
57.5 
12.9 
26.3 

 

2.2. Humidity 

 
In order to develop a better understanding of the mechanism of VOC decomposition by electron 

beam irradiation, 140 ppmC of toluene was irradiated under the ultra high purity of He, Air, N2 and 
O2 atmosphere. Under the He atmosphere, the decomposition rate was considerably slower than the 
other gaseous species as shown in Fig. 3. However, in the Air and N2 atmosphere, the decomposition 
rate was slightly faster than that observed of O2 condition. The slow decomposition rate in the Helium 
atmosphere could be resulted from the facts that the electrons themselves produced by EB irradiation 
are not enough to decompose toluene as shown in Fig. 3. This suggests that the background gas is so 
important to decompose VOCs. Primary electrons interact with the background air gas molecules, and 
this reaction produces free radicals and electron-ion pairs through electron-impact dissociation and 
ionization. Among the products of the primary electron-molecule reactions are atomic oxygen and 
atomic nitrogen. These radicals react with VOCs (Hakota et al., 1998, Penetrante et al., 1998). 
Ionization and excitation of N2, O2 produce ions, electrons, and radicals as follows: 

 
O2 → O,  O2

+,  O2
-,  O3,  e- 

N2 → N,  N2
+,  N*,  e- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 3. Decomposition characteristics of toluene by background gases. 
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When H2O is added to the air environment, the chemical reaction rate becomes faster because of 

OH radical formation. Initially, a batch system made of tedlar reactor was used for benzene and 
toluene. About 4 % of humidity was produced inside the batch reactor leading to a 5 to 10 % increase 
of VOC removal efficiency following EB irradiation for toluene and benzene (Fig. 4).  

 
Finally, water vapor and moist aerosol were separately introduced into the flow system of the 

reactor to investigate the toluene decomposition simultaneously providing moisture with electron 
beam irradiation (Fig. 5). The moist aerosol and the water vapor atmospheres resulted in 10% and 
15∼20% increase of toluene removal efficiencies, respectively, compared to the dry conditions. The 
moist aerosol size range was between 5 and 10 μm. The level of decomposition was highest with the 
addition of the water vapor relative to the other condition investigated. Clearly, more extensive and 
quantitative studies on humidity effect should be conducted in the future. 

 
In the presence of moisture, the formation of OH radical by electron beam irradiation is as 

follows; 
 

H2O →·H + ·OH 
·H + O2 → ·HO 

 
OH radical is so reactive that it plays a significant role in the VOC decomposition reaction 

(Penetrante et al., 1998). In the presence of moisture, an increase of decomposition rate is observed 
undoubtedly due to the formation of OH radical and subsequent degradation pathways.   
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FIG. 4.  Effect of water vapor on the decomposition of VOC at a batch system. 
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FIG. 5. Effect of aerosol and water vapor on the decomposition of toluene at a flow system. 
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2.3. Temperature 

 
Inlet temperatures varied from 25℃ to 170℃ in order to study the effect of temperature on the 

removal of toluene (160 ppm C) by electron beam treatment. The rates of decomposition were 
relatively constant from 30 ℃ to 130 ℃ as seen in the FIG. 6. However, the decomposition efficiency 
of VOC decreased significantly when the temperature increased up to 170℃.  
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FIG. 6. Effect of Inlet Temperature on the Decomposition of Toluene. 

The reason why the composition rate of toluene becomes slow at the high temperature could be 
explained based on the study of Perry (1977). He suggested that toluene could be transformed by way 
of two different ways. One degradation pathway involves H atom abstraction mainly from the 
substituent CH3 groups and the other is OH radical addition to the aromatic ring (Atkinson, 1990). The 
predominant reaction under ambient temperature is OH radical addition to the ring; however, when the 
reaction temperature is 107 ∼ 197 °C, H atom abstraction from the CH3 group becomes more 
significant than OH radical addition to the aromatic ring. The OH-aromatic adduct partially generated 
at the high temperature conditions contain the excess energy due to the exothermic reaction. It is 
believed, in this study, that the energy-rich OH aromatic adduct was decomposed back to toluene at 
the high temperature of 170 °C. The back reaction of OH-toluene at the high temperature is shown in 
reaction. Aerosol, CO2, CO, H2, and only trace amount of acetaldehyde, 2-propanone, and phenol were 
found as by-products in this study. 
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3. HYBRID TECHNOLOGY USING E-BEAM & CATALYST FOR AROMATIC VOC 
TREATMENT 

3.1. Bench and pilot scale systems  
 
The electron beam accelerator used in this study is 1 MeV ELV4 type with a maximum power 

of 40 kW. As shown in Fig. 7, the bench scale equipment is composed of Model 710, (API, USA), 
VOC generator, reactor and sampling parts. The system shown in Fig. 7 consists of a oisture trap, 
ydrocarbon trap, and SOx, NOx traps. A diffusion technique was adopted to generate VOCs in a stable 
concentration. The temperatures stayed constant in a water bath for iffusion ial. The VOC generation 
concentration was adjusted according to flux, temperature, and solution amount in a pre-test in the 
laboratory. The relative standard deviation (RSD) obtained from the test turned out to be less than 
2.3%. The experiments were carried out with these following reactors: an EB-Only reactor that 
allowed the EB treatment alone; the EB-Ceramic Hybrid reactor (EB+Ceramic) equipped with a 
ceramic bed at the bottom inside of the reactor that allows EB treatment and ceramic treatment 
simultaneously; and the EB-Catalyst Hybrid reactor (EB+Catalyst) coupled to a catalyst bed that 
allows catalyst treatment at the bottom area followed by EB treatment. The internal size of the reactor 
was 7 cm in diameter and 5 cm in height. The flux was 25 L/min. The ceramic used in the reactor was 
ordierite oneycom (2MgO2/2Al2O3/5SiO2, 200sells/in), a 10 mm-thick ceramic. 

 
The maximum capacity of the equipment in pilot scale was a production of 1800 N m3/h. The 

dimensions of the reactor were 1200 mm(L)×265 mm(W)×600 mm(H). The shape and dimension of 
the reactor are shown in FIG. 8, and it can be mounted with various beds such as ceramic and catalyst 
bed with 100 mm thickness. Experiments were carried out with 4 types of reactors, such as EB reactor, 
hybrid reactor with ceramic honeycomb bed, hybrid reactor with catalyst honeycomb bed, and hybrid 
reactor with catalyst honeycomb bed with added gas preheating.  Catalyst honeycomb contains 1% Pt 
with Al2O3 base (Kim et. al., 2004; Kim et. al., 2005). 
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FIG. 7. Schematic of Bench Scale System for VOC Treatment.  
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FIG. 8. A Pilot Scale Hybrid Reactor for VOCs Treatment. 

 

3.2. The Mechanism of Hybrid Reactor 

 
The mechanism of VOC decomposition through the hybrid system is shown in Fig. 9. 

Radiolysis plays a main role in the process as explained in a previous EB treatment study (Kim, 2002). 
After the VOCs are processed by the first EB treatment, residual VOCs, various by-products and 
aerosol, etc. are produced and then move down to the bottom area of the reactor at the same time as 
other electrons that are not involved in this process get to the catalyst bed. When air is irradiated by an 
electron beam with the energy of electrons of 1MeV, the maximum penetration range is about 2.8~3 m 
(Vazquez et al., 2002). The depth of the reactor is mostly determined to keep up with a limited amount 
of the absorbed dose by taking into account the removal efficiency at the bottom of it. In this 
experiment, a regenerative ceramic bed was installed at the bottom area of the reactor to take full 
advantage of even the electrons reaching the bottom area. In addition, all the upper parts of the reactor 
were adiabatically covered except for Ti-foil window, so that the electron beam could pass only 
through the Ti-foil window. when the bottom-staying electrons reach the ceramic bed, they are 
converted into heat energy to activate the inside catalyst and then wind up oxidizing the residual 
VOCs and other by-products. For the existing catalyst or Plasma-Catalyst Hybrid process, an 
independent heat resource should be provided to make the catalyst actively function. Plasma-Catalyst 
Hybrid is said to be different from EB-Catalyst Hybrid in that it does not employ a simultaneous 
reaction process because the two separate techniques function independently (Ogata et al., 1999; 
Kohno et al., 1998). However, the EB-Catalyst Hybrid system of this study was able to activate the 
catalyst without additional heat supply under the condition that the temperatures of the in-flowing air 
are high to some extent, although not high enough to activate the catalyst itself. In addition, the 
ceramic and the catalyst were used in even smaller amounts than in a conventional catalyst process. 

 
The properties of catalyst irradiated by EB may be altered, as mentioned in a previous research 

(Jun et al., 2004). It was reported in their study that the relative content of Ni on the catalyst surface 
increased when the Ni/Al2O3 was irradiated with E-beam. Thus, it is possible that when EB is 
irradiated on the catalyst surface, the characteristics of the catalyst are modified and the removal 
efficiency of VOC may improve during the catalyst treatment.  
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FIG. 9. The Mechanism of Hybrid Reactor. 

 

3.3. The efficiency of hybrid reactor 
In order to improve the removal efficiency and to reduce undesirable by-product formation, 

some experiments using various hybrid EB reactor with ceramic and catalyst honeycomb bed were 
carried out. Hybrid EB system is the combined EB irradiation with catalytic oxidation, where electron 
beam plays an important role in converting VOC to intermediate products by OH radical reaction, and 
then these products are completely oxidized to CO2 and H2O by catalytic oxidation.  

 
The shape and dimension of the reactor are shown in FIG. 8, and it can be mounted with various 

beds such as ceramic and catalyst bed with 100 mm thickness. Experiments were carried out with 4 
types of reactors, such as EB reactor, hybrid reactor with ceramic honeycomb bed, hybrid reactor with 
catalyst honeycomb bed, and hybrid reactor with catalyst honeycomb bed with added gas preheating.  

 
Toluene and styrene were treated as target compounds by the pilot scale system. Toluene 

(around 90 ppm) and styrene (88 ppm) were irradiated under the flow rate of 670 N m3/h, while the 
absorbed dose was increased from 2 to 10 kGy. The effluent gas samples from the reactor were 
collected in a sampling bag and were analyzed with an on-line GC equipped with an FID detector to 
calculate the removal efficiency of VOCs. 

 
Air loaded with a toluene concentration of 90 ppm was treated under a gas flow rate of 670 m3/h 

in EB reactor (only EB irradiation), while the absorbed dose was increased from 2 to 10 kGy. It was 
found that removal efficiency ranged from 26.5% to 66%. In the case of the hybrid system by ceramic 
and catalyst honeycomb bed, removal efficiencies of 39.1–76.1% and 40.6–89.3% were achieved, 
respectively. Also in another hybrid system using heated catalyst honeycomb bed, the efficiency was 
effectively enhanced to 63.9–95.5% (FIG. 10(a)). Carbon dioxide, aerosol, and trace gases (benzene, 
acetaldehyde) were detected as by-products.  
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In EB and hybrid reactor with heated catalyst honeycomb bed, CO2 production was 14.4% and 

72% at 10 kGy, respectively, and was almost proportional to the reaction temperature in the reactor 
(Fig. 10(b)). With an increase in dose in the reactor with only electron beam, O3 generation was 
increased to 164 ppm at 10 kGy. However, in hybrid reactor with catalyst honeycomb bed, O3 
generation was decreased to 8 ppm at 10 kGy, respectively, and was almost proportional to the 
temperature (Fig. 10(c)).  

 
Irradiation of toluene was associated with the formation of yellow-colored particulate products, 

which were deposited on the filter. In the EB reactor and hybrid reactor with catalyst honeycomb bed, 
aerosol concentration was generated in concentrations of 86.8–109.9 and 46.9–41.9 mg/N m3, 
respectively, in the dose range 4–10 kGy (FIG. 10(d)). In case of styrene, the test was carried out only 
at the concentration of 88 ppm at 2–10 kGy absorbed dose condition in the EB reactor and catalyst 
hybrid reactor.  

 
The removal efficiency of over 95% was obtained at 6 kGy in the experiment using styrene 

(Fig. 11). Comparing this result with the 75% removal efficiency of toluene at around 90 ppm and 6 
kGy, it is concluded that styrene can be decomposed more easily than toluene. It was found from this 
study that VOCs could be destroyed more effectively using a hybrid system with catalyst bed than 
with electron beam irradiation only. Many undesirable byproducts can be easily decomposed through 
simple hybrid electron beam process with catalyst bed.  
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FIG. 10. Decomposition Characteristics of Toluene by Various Doses; □-(EB), △-(EB + ceramic bed),  
○-(EB + catalyst bed),  ◇-(EB + catalyst bed + pre-heating). 
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FIG. 11. Decomposition of Styrene by Various Doses. 

 
FIG. 12 depicts the mass balance results of the by-product analysis by EB-Only and EB-

Catalyst Hybrid. In case of EB-Only treatment, aerosol was about 47%, CO2 about 17%, and small 
traces of benzene and other materials were observed. On the other hand, in case of hybrid treatment, 
there was a rapid increase in CO2 (up to 55%), while aerosol decreased to half. In regard to EB-
Catalyst Hybrid, the conversion rate of CO2 increased tremendously and the complete oxidization rate 
was relatively high. It turned out that the problem of by-products formation was resolved to some 
extent when the hybrid technology was employed.  
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FIG. 12. Mass Balance Comparison for Tests with Toluene. 
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4. CONCLUSIONS  

 
This study describes a novel hybrid technique combining electron beam technique with catalyst 

technique that complements some drawbacks of the existing electron beam approach. A hybrid reactor 
was devised with a thin catalyst bed on the bottom of the conventional electron beam reactor. Two 
simultaneous VOCs treatments were carried out: first, only through the EB, and second, with 
subsequent incorporation of the catalyst bed activity. Comparison tests were also conducted on three 
treatment techniques (EB-Only, Catalyst-Only, EB-Catalyst Hybrid) to confirm the positive hybrid 
effect compared to EB-Only and Catalyst-Only treatments for toluene and styrene. In case of toluene 
treatment using EB-Catalyst Hybrid, there was a significant increase in the removal efficiency 
compared with Catalyst-Only. In case of styrene, the removal efficiency showed an improvement of 
about 20% more than Catalyst-Only. Briefly, it is be more likely for the hybrid to easily treat some 
kinds of materials that are difficult to remove by either catalyst or by electron beam treatment, 
separately. It was found that VOCs could be destroyed more effectively using a hybrid system with 
catalyst bed than with electron beam irradiation only. Many undesirable by-products can be easily 
decomposed through simple hybrid electron beam process with catalyst bed. 
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Abstract 

The estimated amount of Municipal Solid Waste generated in Malaysia is 16,000 ton/day with the initial 
cost of the entire activity is estimated to be worth RM35 billions must be solved as soon as possible. 
Research and development in the field of treatment to the gas emitted from the incinerator using an 
electron beam is very new in Malaysia. MINT, as a nuclear agency in the country, has initiated  3 projects 
in this field, that is, treatment of SO2 and NOx, the second project is the determination and sampling of 
VOC in the stack gaseous and the third project is the treatment of volatile organic compounds (VOC) 
using electron beam. A laboratory scale test rig to treat simulated flue gas using electron beam technology 
was installed at the Alurtron EB-Irradiation Center. Results from the commissioning test runs and 
subsequent experimental work showed that the efficiency of flue gas removal is as high as 65% for NOx 
and 81% for SO2 at 8.0mA current and 1.0 MeV. Early findings indicated that the VOC content in the 
flue gas were high, which were mainly released during the incineration process. About 50 compounds 
were detected and 45% of the compounds detected were acidic in nature. The concentrations of other 
compounds such as toluene, xylene and heptane, which are precursors to photochemical ozone formation, 
were also studied. MINT has also conducted a study on electron beam treatment of VOC by using 
benzene as a model. In this experiment, benzene is kept in a Tedlar bag whereby it is irradiated in a static 
and control conditions. The concentrations of benzene gas used are 100 ppm, 10 ppmv, and 1 ppmv. The 
results indicated that the dose needed for 70-95% degradation of benzene molecules is between 8-12 kGy. 

 

1. OBJECTIVE OF THE RESEARCH 

 
The objective of this paper is to report the latest research and development of the flue gaseous 

treatment from incinerator using electron beam in Malaysia. 
 

2. INTRODUCTION 

 
The average per capita generation of MSW in Malaysia ranges from 0.5 - 0.8 kg/day/person  

Thus, with a current population of 20 million, it could be deduced that the total waste generated per 
day might range from 10,000 - 16,000 t/day[1]. For Kuala Lumpur alone, the waste production 
exceeds 2500 t/day and projected to be further increased [1] quoted that the per capita waste 
generation rate for the city of Kuala Lumpur is at 1.7 kg/day/person, almost five times that of average 
EU value. The present disposal method of landfill dumping is getting very limited due to unhealthy 
landscape, limited disposal site and bad environmental impact. It is worth to mention that, out of more 
than 180 landfill/dumping sites, less than ten are of sanitary quality.  Thus the issue of MSW disposal 
in Malaysia is getting very crucial and an alternative waste management technology is urgently 
needed. The Government of Malaysia has suggested the use of thermal treatment technology to partly 
resolve this issue. [1,2]   

 
A more recent survey carried out in the year 2002 shows that the composition of the waste in 

the city of Kuala Lumpur contains up to 85 to 90% organic components in Table I and physical and 
chemical analyses of the waste are presented in Table II [1,2]. 
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TABLE I. AVERAGE COMPOSITION OF MSW (WT %) GENERATED BY VARIOUS 
SOURCES IN KUALA LUMPUR 

Sources   Res. High 
Income 

Res. Medium 
Income 

Res. Low 
Income 

Commercial Institutional 

Organic 
Paper 
Plastic 
Diapers 
Textile 
Rubber/Leather 
Wood 
Yard 
In Combustible 
Total 

30.86 
17.17 
26.21 
6.49 
1.43 
0.48 
5.83 
6.12 
5.41 
100.00 

     38.43 
     17.75 
     20.04 
       7.58 
       3.55 
       1.78 
       1.39 
       1.12 
       8.38 
    100.00 

54.04 
11.62 
11.66 
5.83 
5.47 
1.46 
0.86 
2.03 
7.03 
100.00 

42.74 
18.59 
17.18 
3.80 
1.91 
0.80 
0.96 
5.75 
8.27 
100.00 

23.36 
16.70 
19.50 
1.69 
4.65 
2.07 
9.84 
0.87 
21.32 
100.00 

 

TABLE II. VARIOUS DATA ON THE CHARACTERISTICS OF KUALA LUMPUR MSW 

Proximate Analysis (wet) Weight % Heavy Metal  (dry) ppm 
Moisture content 55.01 Chlorine 8,840 
Volatile Matter Content 31.36 Cadmium 0.99 
Fixed Carbon Content 4.37 Mercury 0.27 
Ash Content 9.26 Lead 26.27 
Elemental Analysis (dry)  Chromium 14.41 
Carbon Content 46.11 Other Parameters 
Hydrogen Content 6.86 Bulk Density 240 Kg/m3 
Nitrogen Content 1.26 Calorific Value 1500 kCal/kg 
Oxygen Content 28.12   
Sulfur Content 0.23   
Ash Content 17.06   

 
Volatile Organic Compounds (VOC) is one of the chemical hydrocarbon compounds that are 

mostly used in automobile industries, chemicals, paints, coatings, printing and others.  Because of its 
easily volatile property at room temperature, most pollution produced are from petrol stations, motor 
vehicles, industrial chemical facilities, dry cleaning, paint industries and other facilities that use paint 
and solvents [3]. Among the substances that can be categorized as VOC are: non-halogen organic 
substances and halogen organic substances. The irradiation of exhaust gases by electron beam 
produces substances (active species) from the main constituent of the exhaust gas such as nitrogen, 
oxygen and water that can react extremely easily with environmental pollutan such as VOC (dioxin 
and furan) to form unpolluted gases. [4] 

 
On 1 May 2004 Department of Environment of Malaysia has enforced the Environment Quality 

(Dioxin and Furan) Regulations 2004. These regulations shall apply to the following facilities, 
municipal solid wastes incinerator, scheduled wastes incinerator, pulp or paper industry sludge 
incinerator and sewage sludge incinerator. The permissible limit for a new facilities is concentration 
limit for air emission of dioxin and furan for a new facilities shall not exceed 0.1 nanogram/Nm3 [4]. 
The only Schedule Waste incineration plant in Malaysian is in Bukit Nenas Negeri Sembilan.Relating 
to these, 3 projects has been initiated, one of the project is the treatment of SO2 and NOx using 
laboratory scale test rig in MINT. And another project is determination and sampling of stack gaseous 
and the third project is the treatment of VOC using electron beam irradiation. The future project will 
be the treatment of odour (hydrocarbon and chlorinated hydrocarbon) in incinerator gaseous system 
using electron beam irradiation. 
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3. MATERIALS AND METHODS 

3.1. Experiment and analysis  of the test rig 

 
The test rig consisted several major components namely, two generators, a static mixer, a spray 

cooler (SC), a process vessel (PV), a dust collector (DC) and two continuous emission monitors 
(CEMs). The generator emits flue gases from combustion of diesel fuel. The system is designed for a 
maximum flow rate of 400 Nm3/hr The spray cooler was designed to lower the temperature and 
increase humidity of the flue gases. The process vessel is the reaction chamber under the beam and the 
dust collector consists of several removable bag filters. These big components are inter-connected by a 
continuous 4 inch piping system from the outlet of the generator through to the exit stack. An 
independent gas line for ammonia is also installed. Temperatures at identified locations are measured 
by thermocouples and monitored by the computer data acquisition system. A water circulation system 
for the spray cooler is also provided. The gas flow is monitored through an electronic flow meter [5,6]. 
The schematic diagram of the system is presented in Figure 1. 

 

 

FIG. 1. Schematic diagram of test rig 

Since the fuel used in the experiments was standard market quality diesel purchased from a 
local gas station, very low amount of SO2 was detected in the flue gas. To simulate various 
concentration of emission, bottled SO2 was injected to the flue gases close to the generator outlet. Inlet 
ports were also made to enable injections of other pollutants such as organic compounds to the flue 
gas. This allows studying the effect of electron beam irradiation on flue gas at different concentration 
and types of pollutants. The design of the test rig is based on flow rate and quality of flue gas emission 
from the generator. Table III lists the expected and estimated parameters from the emission. [5,6]. 

TABLE III. ESTIMATED PROCESS PARAMETERS 

Parameters Values 
Flow rate 300Nm3/h (design flow rate is 400Nm3/h) 
Temperature of gases at generator outlet 150 C 
Temperature of gases after spray cooler 60 – 70 C 
Moisture content after spray cooler 10 – 15% 
NOx concentration at inlet 300 ppm (estimate) 
SO2 concentration at inlet < 10 ppm (estimate) 
Beam Energy  1 MeV (variable) 
Beam Current Varies from 2 to 10 mA 
Retention time (flow rate of 400Nm3/h) inside 
vessel 

1 sec 

Dose 1.2 kGy (at 1MeV, 2mA) 
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3.2. Sampling of stack gases 
 
The emission sampling was conducted at the two off-gas stacks of the RDF (refuse derived fuel) 

plant in Kajang, Selangor. The first stack emits gases from the dryers, whereas the second stack emits 
gasses from the Air Classifier System. Both stacks have fabric filtration system prior to emission. 
Sampling point location of the stacks was within the recommended range of between eight to two 
equivalent stack diameters downstream and upstream respectively, thus avoiding from any flow 
disturbance.The samplings were conducted using Isokinetic Source Sampling (APEX Stack Sampler) 
and Portable Flue Gas Analyzer, which are designed and built in compliance with USEPA Standard. 
The list of pollutants and measured parameter are presented in Table IV. All sampling and analysis 
procedures were conducted according to USEPA, Code of Federal Regulations- Protection of 
Environment, CFR 40, Part 60 [3,14,15]. 

TABLE IV. MEASURED PARAMETERS AND CORRESPONDING SAMPLING AND 
ANALYTICAL PROCEDURES 

Item  Method 
Stack gas moisture content USEPA Method 5 
Volumetric gas flow USEPA Method 2 
Stack gas molecular weight USEPA Method 2 
Total particulates matter USEPA Method 5 
Hydrogen Chloride USEPA Method 26A 
Hydrogen Fluoride (HF) USEPA Method 13 
Sulphuric Acid (H2SO4) USEPA Method 8 
Heavy Metals ( As, Cd, Cr, Hg and Pb) USEPA Method 29 
Total Volatile Organic Compounds (VOCs) USEPA Method 18 
Sulphur Oxides (SOx) USEPA Method 6C 
Nitrogen Oxides (NOx) USEPA Method 7E 
Carbon Monoxide (CO) USEPA Method 10 
Carbon Dioxide (CO2) USEPA Method 3A 
Oxygen (O2) USEPA Method 3A 

 
The sampling method used for VOC is adopted from USEPA Method 0040, Sampling of 

Principal Organic Hazardous Constituents From Combustion Sources Using Tedlar Bags and Method 
T01, Methods For Determination of Toxic Organic Compounds In Air. The set of sampling apparatus 
used for VOC analysis is GAV-200MK 11 (SGE corp.) and Tenax adsorbent (Supelco). The samples 
were collected directly from the stack. The transfer line was reasonably short hence it was assumed 
that the temperature difference between the sampling point and the collection point is negligible. 
Samples that were collected in Tedlar bag were held in rigid and air-tight opaque container [3]. 

3.3. Experiment and analysis of VOC (benzene) in static condition 

 
Three types of standard benzene gas from Scott Specialty Gases, USA were used as received. 

The first standard is 100 ppmv, the second standard is 1ppmv and the third standard is for 32 gases, 
1ppmv for every different type of VOC.  The standard is filled in a glass jar that is made from 
aluminium cylinder.  It has the Scotty brand and produced by Supelco. [4]Benzene in the form of 
standard gas can be filled into a glass jar and Tedlar bag (Fig. 2) directly under the condition that both 
the glass jar and Tedlar bag have to be vacuumed earlier with a vacuum pump. For liquid benzene 
produced by Fisher Scientific with a concentration of 99.92% and having 14 other foreign compounds 
in it such as water, acid, alkali, calcium, copper, iron, potassium, sodium and others, only 1 to 5 μl  is 
used. The benzene liquid must be heated with a heater so that it will vapourise into the Tedlar bag or 
glass jar before being irradiated [4]. 
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FIG. 2. Types of  Tedlar Bag 

 

3.4. Analysis  

 
VOC and irradiated benzene samples are analyzed promptly after collection in the laboratory. 

Analysis is carried out using Gas Chromatograph – Mass Spectrometer (GC-MS) System. An aliquot 
of the sample from the Tedlar bag was introduced into the GC-MS system using a gas tight syringe. 
The samples collected in the Tenax adsorbent was thermally desorbed and introduced into the GC 
through a gas sampling valve. The column used for separations of compounds is BP 624 (1.8um x 
50mm x 0.32 mm). All other sampling and analysis procedures were conducted according to USEPA, 
Code of Federal Regulations- Protection of Environment, CFR 40, Part 60. 

 

4. RESULT AND DISCUSSION 

4.1. The treatment of SO2 and NOx 

 
The flue gas components generated from diesel generator sets are mainly NO, NO2 and NOx and 

it were monitored at the inlet and outlet of the process vessel. As expected, the amount of SO2 was 
found to be consistently below 10ppm. The flow rates were maintained at around 300Nm3/h. At this 
level, the amount of nitrous pollutants (NO, NO2, NOx ) was sufficiently high, in the range of 200 - 
250 ppm. Table V also gives the removal percentages of NOx at the estimated dose for each beam 
current level . 
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TABLE V. SHOWS THE AVERAGE REMOVAL PERCENTAGE OF TOTAL NOX. 

Beam current Estimated Dose Average NOx % removal 
0mA 0 226.8 0.00 
2mA 2.03 172.4 23.99 
3mA 3.05 158.5 30.11 
4mA 4.06 154.2 32.01 
5mA 5.08 102 55.03 
6mA 6.09 108.8 52.03 
7mA 7.10 132.8 41.45 
8mA 8.12 135.4 40.30 
9mA 9.12 159.4 29.72 
10mA 10.15 174.5 23.06 
11mA 11.17 193.8 14.55 

 
The estimation was made based on the retention time in vessel, volume of the vessel and the 

static dose rate measured. The humidity of the gases ranges between 4-5%v/v only. The temperature at 
the point of electron beam bombardment was measured to be around 40 – 50 C. With the improved 
condition, the average NOx removal rate was increased to approximately 65%. Most of the formation 
of NO2 during irradiation had significantly reduced. Figure 2 shows an experimental result where SO2 
from bottled source was added through a port as described earlier. The amount of SO2 added however, 
does not reflect any type of combustion. The removal rate calculated from the graph was 
approximately 81% [5,6]. 

 
Effect of electron beam irradiation on SO2 on flue gas
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FIG. 3. Effect of electron beam irradiation on SO2 

4.2. The sampling of VOC gas 

 
While the VOCs are not criteria pollutants, they usually comprise of highly reactive 

hydrocarbons, which play an important role in the formation of ground level ozone. Some VOCs are 
also toxic and posses carcinogenic properties. The objective of the organic testing is to identify and 
quantify as many constituents as possible, regardless of its toxicity. By identifying the larger portion 
of the unknown compounds, a more complete organic mass balance can be achieved and the risk 
assessment can be deduced.  Organic emission cannot be reliably predicted based on the feed, design 
or operating practices, thus comprehensive identification and quantification is required and normally is 
performed. 
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USEPA define the organic fractions as below: 
 

• Volatile compounds (boiling range less than 100oC) 
• Semi-volatile compounds (boiling points between 100 to 300oC) 
• Non-volatile compounds (boiling points greater than 300oC) 

 
Thus, the sum of the concentration for the three fraction represents the Total Organic 

Compounds (TOC).The tendency in Europe is to define all the organic compounds present in the stack 
as the Product of Incomplete Combustion (PIC), irrespective of their origin or mechanism of 
formation  This interpretation is more appropriate form public health risk point of view.  

 
The Environment Agency of United Kingdom translates the “Volatile Organic Compound” to 

include all organic compounds released in the air including dioxins and Polyaromatic Hydrocarbons 
(PAH). However, our following discussion shall confine to analysis for VOC according to the USEPA 
definition. A pilot study on air pollutants produced from incineration of municipal solid wastes 
showed that aliphatic alkenes were major VOC produced from incineration of plastic or food waste, 
while furanoses were major compounds from incineration of papers  As the RDF processing mainly 
involves drying and shredding activities; the nature of the stack gas mixture is expected to be simpler 
than an emission from a combustion plant which may comprise myriads of Products of Incomplete 
Combustion.[3,4]. The standard test method recommended by USEPA, CFR 40, Method 18 that was 
adopted for VOC analysis offers a flexibility of the choices of the sampling techniques employed. This 
will depends on the site layout, source temperature and sample storage stability.  

 
In the pre-survey samples, which were collected in Tedlar bags, the VOC emission in the Dryer 

Stack (point 7) were quantified at 89 ppm with only 2 compounds detected namely toluene and n-
hexane.  In order to produce a better spectrum of the compounds present in the off-gas, the usage of 
gas sampling bulb as mean of collecting the samples were evaluated and it was found that there was no 
compounds detected in the off-gas. Therefore, in order to increase the sensitivity of the capturing 
technique, the gas was sampled using the USEPA Method TO1.  This method requires for the off-gas 
from the Stack Dryer to be trapped using adsorbent tubes containing Tenax. The following 
compounds, tabulated in Table V, were identified in the flue gas of the RDF processing plant. It was 
observed that 45% of the VOC emitted are acidic in nature. However, the complexity of the 
compounds present in the off gas as a result of the drying process is much less than one would expect 
from a plant involving combustion activities [3,4]. 

TABLE VI. VOCS DETECTED IN THE STACK GAS 

Major Compounds Minor Compounds 
Acetoin 
Limonene 
1,8-Cineole 
Butyric Acid 
Ethanol 
2-Butanol 
2-Butanone 
Acetic Acid 
Ethylacetate 
beta-pinene 

Acetone                          Heptanoic acid 
n-propanol                      Ethanoic acid 
Methylbutanone             Butanoic acid 
3-methylbutanal             Linalyl acetate 
n-heptane                        beta-pinene 
1-butanol                        Hexanoic acid 
Pentanal                          Benzaldehyde 
Phenylacetone                 p-xylene 
Octane                             Phenol 
n-pentanol                       Terpinolene 
3-hexanone                      Acetophenone 
propanoicacid                 Dodecane 
n-hexanal                         Champhor 
Ethylbenzene              3-methylbutylnitrite 
2-methylpentanal 
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Quantification analysis was done using a single  standard gas analysis method. The above 

quantitative analysis is known as a semi-quantitative technique. This technique may not be so 
representative of the actual concentration but would provide early estimation of the concentration 
level. The concentration of the VOC was estimated to be 80 ppm (part per million). Although there is 
no designated Malaysian limit for VOC, the above quantitated emission was considered high as 
compared to the United States emission limit; which is 20 ppm. 

4.3. The destruction of VOC (benzene) 

 
For the Tedlar bag, the method of direct insertion from the cylindrical tube of benzene gases is 

used and it is most effective. However, for the glass jar, the best method is by inserting the liquid 
benzene using a syringe and later heat up the glass jar with a heater. However, the dosimetry work 
revealed that the irradiation dose received at the bottom part of glass jar is significantly lower than the 
top part of the glass to almost 70 –80% lower. On the other hand, Tedlar bag did not show much 
different irradiation doses between top and bottom part of the bag. [4]  

 
In this experiment benzene gas volume of 1.0 litre was used using the 1.0 litre Tedlar bag.  The 

gas concentration was fixed at 100 ppmv. The Tedlar bag containing benzene gas was irradiated at 5, 
10, 15, 20, 25 and 30 kGy electron beam. By using a 250 �l syringe, the irradiated benzene gas was 
withdrawn from the bag and analysed using the GCMS.  From the analysis it was discovered that as 
many as 11 peaks were formed including benzene that had not been broken up. 

 
The destruction of benzene was measured by the Standard area under the benzene peak of 

GCMS spectrum before irradiation  -  Peak area after irradiation   x  100. This procedure is also known 
as DRE (Destruction Removal Efficiency) or Percentage Destruction at an accuracy of 99.999 %. 
Benzene destruction efficiency with dose rate is shown in Figure 4. A good agreement on the 
percentage destruction using the GCMS was obtained for every stage of dose rate given. During the 
radiation process, the temperature of the gases increase to 40 to 50 C. As low as 5 kGy irradiation dose 
was able to destruct 60 %  of benzene.  
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FIG. 4. % Benzene destruction against irradiation dose 

After benzene gas was radiated, the concentration of benzene start to decrease as shown in 
Figure 5. 
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FIG. 5. Concentration of Benzene against irradiation dose 

 

5. CONCLUSIONS  

 
From the experimental works, it was found that using EB parameters of 1MeV, 8mA and  a 

dose ranged between 7.5 to 8.5 kGy provides good removal rates of both SO2 and NOx of 81% and 
65% respectively. The NOx removal was improved by increasing the humidity and temperature of the 
flue gases at 14% and 60-65C respectively. This value however is slight higher than the recommended 
10-12% v/v. From the studies conducted, it was found that concern on emission from an RDF 
processing plant is centered around the emission and control of the VOCs. The VOC level was found 
reaching at 80 ppm. Thus, further treatment to the stack off gas is recommended. Benzene gas 
concentration between 1.0 ppmv to 100 ppmv, the irradiation dosage needed is between 8 to 12 kGr 
for 70 to 95% destruction. Thus if dosage is increased to 20-30 kGy, the destruction will be 99.9%. 
Benzene at a low concentration (ppbv) can easily be destructed using electron beam irradiation. 
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Abstract 

In Poland the first legal act related to some VOCs emission limits values from stationery sources was 
enforced in 1990. Recently after European Union enlargement existing EU regulations in this matter must 
be  followed as priority. Emission limit values are set up for new and existing plants  in EU directives, but 
new legal acts  e.g. for polycyclic aromatic hydrocarbons are on legislation stage and will be introduced 
soon. The objective to reduce the emission may be realized by  primary control on technology design 
stage (rather for new installation) or secondary control by application of flue gas treatment technology 
(existing plants). There are purification technologies on the market dedicated for VOCs treatment, but due 
to new, more strict, regulations more effective methods are investigated and developed. Electron beam 
(EB) treatment seems to be one promising technology for VOCs removal from flue gas. EB treatment for 
flue gas purification, invented in Japan in 1970’s, has been finally applied successfully in industrial scale 
in China for SO2 removal and in Poland for simultaneous SO2 and NOx. Since 1990’s EB process has 
been investigated as potential process for VOCs removal, based on oxidation by active species like 
hydroxyl (OH) radicals, O atoms and O3, produced in irradiated gas. Described in this report aromatic 
hydrocarbons,  in reaction with OH radical produce hydroxyheksadienyl radicals, which are transformed 
in chain process in mixture of oxidized aromatic and aliphatic hydrocarbons (alcohols, aldehydes, acids, 
etc.) and finally into inorganic CO , CO2 and  H2O.  Experimental work carried out in pilot plant for 
polycyclic aromatic hydrocarbons (PAHs)  has given positive results for EB treatment as a multi-
component technology removing simultaneously  SO2, NOx and VOCs (PAHs) in one-staged process. 

1. EMISSION  

 
The scale and structure of pollutants emission in every country depends on several factors like 

e.g. geography, country development, structure of economy and existing environmental law.  In 
Poland such dependence related to the political system change in 1989 has been noticed in 1990’s. The 
economy structure became more service-oriented, emission regulation enforced and as the effect the 
emission decrease has been observed (FIG. 1) [1]. 

 
 
 
 
 
 
 
 
 
 
 
 

FIG. 1. Emission from stationery sources in Poland in 1990-1999 [ktons/year] 
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Among the emission sources in Poland listed in Table I, combustion processes are classified as 

the biggest in stationery sources category and road transport as mobile source [2]. In Poland over 97% 
of energy is produced in fossil fuel combustion (coal mainly) and due to this fact is seen in Europe as a 
main polluter emitting huge amount of dust, acidic pollutants and polycyclic aromatic hydrocarbons3.  

 

TABLE I. EMISSION IN POLAND CLASSIFIED BY ACTIVITIES AND POLLUTANT 
CATEGORIES [2]  

EMISSION [kton/year] SOURCE 
VOCs CH4 CO SO2 NO2 

Combustion for energy production 13 < 1 51 1320 403 
Fossil fuel combustion  in boilers 178 10 2650 521 131 
Combustion in industry 11 2 31 428 183 
Production processes 66 0 27 53 21 
Fossil fuel production and distribution 43 728 0 0 0 
Solvents using 136 0 0 0 0 
Road transport 239 8 1030 46 309 
Waste treatment 1 429 908 0 0 
Agriculture 34 651 0 0 0 

 
 
The structure of emitted VOCs (in Mazovian, central region of Poland as example, shown in 

Table II) indicates aliphatic and aromatic hydrocarbons as main groups among organic compounds 
pollutants released into atmosphere, the other compounds are emitted on the level lower of 1-2 order 
of magnitude. 

 

TABLE II. VOCS EMISSION STRUCTURE IN CAPITAL MAZOVIAN VOIVODSHIP [1] 

COMPOUNDS CATEGORY  EMISSION [Mg/year] EMISSION 
STRUCTURE  [%] 

Aliphatic aldehydes  48,774 1,14 
Aromatic aldehydes 1,947 0,05 
Aliphatic alcohols 330,450 7,72 
Aromatic alcohols 14,920 0,35 
Amonia 111,464 2,61 
Benzene 1,849 0,04 
Benzo/a/pyrene 0,313 0,01 
Chlorinated hydrocarbons 6,291 0,15 
Ethers 60,952 1,43 
Ketones 39,047 0,91 
Organic acids 26,267 0,61 
Metane 52,000 1,22 
Oils 10,479 0,25 
Aliphatic hydrocarbons 2664,479 62,36 
Aromatic hydrocarbons 903,527 21,15 
TOTAL 4272,759 100,00 
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2. REGULATION RELATED TO THE ATMOSPHERIC POLLUTANTS EMISSION IN POLAND 

 
The regulation related to the atmospheric pollutants emission based on 62 compounds, defined 

as hazardous or toxic, were set up in Poland in 1994. The situation has been changed since Poland had 
joined EU. Atmospheric pollutants emission limits are set up in European directives, however EU 
members may have own national, even more strict obligations.  

2.1. European directives concerning stationery source emissions 

 
European directives regulate the emission from stationery sources. Five such legal acts focused 

on the emission source category or target pollutant group are listed in Table III.. 
 

TABLE III. EC DIRECTIVES CONCERNING  STATIONARY SOURCE EMISSIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
Directive 2001/80/EC concerning large combustion plants is focused on the reduction of 

emissions from plants with thermal input of at least 50 MW. The emission limit values (ELV) are set 
up there for SO2, NOx and particulate matters and applied to new and existing combustion plants 
based on the solid, liquid and gaseous fuels. According to the directive combustion plants are 
classified in 3 groups depend on the license time granted and ELV requirements are specified for each 
group and among them precised for specific kind of fuel and thermal input of combustion plant5. 

 
Directive 2000/76/EC related to the emission from waste incineration plants covers all waste: 

hazardous and non-hazardous setting the emission limit values for  dust, SO2, NOx, HCl, HF, organic 
pollutants (defined as total organic carbon TOC), heavy metals, dioxin and furans. The directive 
excludes some forms of waste such as e.g. biomass and special provisions for some co-incineration 
processes are foreseen there6.  In the directive 2000/76/EC emission limit values for incineration 
plants are specified as daily average concentrations measured for target pollutants (listed in Table IV). 

 
The hazardous waste incineration is another type of activity covered by the Directive 

2000/76/EC, the emission limit values for such plants are listed in Table V. In the Table are also 
included the results of measurements carried out in Polish incineration plants for medical waste - one 
category of hazardous waste [7].  

IPPC Directive 1996Other Sources of Emissions

Directive 1999/32/ECSulphur Content of Liquid Fuels

Directive 1994/63/ECVolatile Organic Compounds (VOCs)

Directive 2000/76/ECWaste Incineration Plants

Directive 2001/80/ECLarge Combustion Plants (LCPs)

DIRECTIVESTATIONERY SOURCE EMISSION

IPPC Directive 1996Other Sources of Emissions

Directive 1999/32/ECSulphur Content of Liquid Fuels

Directive 1994/63/ECVolatile Organic Compounds (VOCs)

Directive 2000/76/ECWaste Incineration Plants

Directive 2001/80/ECLarge Combustion Plants (LCPs)

DIRECTIVESTATIONERY SOURCE EMISSION
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TABLE IV. EMISSION LIMITS VALUES (ELV) FOR INCINERATION PLANTS SET UP IN 
2000/76/EC DIRECTIVE  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Directive 1999/13/EC covers the limitation of emissions of volatile organic compounds (VOCs) 

due to the use of organic solvents in certain activities and installations. VOC in this directive is 
defined as any organic compound having at 293,15K a vapour pressure of 0,01 kPa or more, or 
corresponding volatility under the particular conditions of use. The wide range of activities is covered 
by this directive e.g. coating, dry cleaning, manufacturing of pharmaceutical products, printing, rubber 
conversion, manufacturing of coating preparations, varnishes, inks, wood impregnation, vegetable oil 
and animal fat extraction. Emission limit values for all those categories of activities are set up for the 
sums of carcinogenic VOCs and halogenated VOCs on the levels of 2 [mg/Nm3] and 20 [mg/Nm3] 
respectively. ELV for other VOCs are set up individually and requirements depend on the type of 
activity and license time granted [8]. Directive 1996/61/EC is focused on integrated emission 
reduction in industrial sectors like energy production, metallurgy and mineral industry, chemical 
production and waste treatment. 

 

TABLE V. EMISSION LIMITS FOR HAZARDOUS MEDICAL WASTES INCINERATION AND 
LIMITED POLLUTANTS CONCENTRATIONS MEASURED IN POLISH PLANTS [4] 
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2.2. Regulations on the legislation stage – international protocols and planned directives 

 
The EU has initiated legislative procedure for new directive to oblige EU member countries to 

follow PAHs emission measurement in ambient air and to apply best available techniques (BAT) to 
limit these compounds emission from industrial sources from the year 2073. International obligation is 
UNECE (United Nations Economic Commission for Europe) 1998 Protocol to the 197 convention on 
long-range trans-boundary air pollution on Persistent Organic Pollutants (POPs).  Polycyclic aromatic 
hydrocarbons (PAHs), dioxins and furans in this protocol are mentioned as the key POPs emitted from 
stationary sources. The objective of the POPs Protocol is to control, reduce, or eliminate discharges, 
emissions, and losses of POPs to the environment10. Protocol was signed by 33 European countries, 
USA and Canada in 1998, 23 countries have already ratified it (14th June 2005) [11].  

 

3. TREATMENT TECHNOLOGIES APPLIED FOR VOCS REMOVAL FROM FLUE GAS 

 
Treatment technologies market has developed dynamically since emission regulations had been 

enforced in Poland in 1990 (Table VI). Since 1998 local governments (voivodship) execute from 
polluters the fees for emission higher than ELV. Pollutants are classified in 3 groups according to the 
toxicity, the highest fee for  the most hazardous compounds like e.g.  benzene, dioxins and mercury is 
on the level of 35 – 70 USD per kilogram of each pollutant exceeded emission [4].  

TABLE VI. AIR EMISSION CONTROL INVESTMENT AS A RESULT OF REGULATION 
ENFORCEMENT IN 1992 IN POLAND  

 
 
 
 
 
 
The emission may be controlled by the use of two approaches: (i) primary control on technology 

design stage due to the raw materials, techniques and process parameters selection and (ii) secondary 
control by application of flue gas treatment technology. 

 
For the purpose to reduce the concentration of VOC pollutants present in flue gases, almost all 

mass-exchange processes are applied. Treatment technologies are divided into following categories:  
 

 physical like absorption, adsorption, condensation 
 chemical: e.g. incineration, catalytic incineration 
 combined: absorption combined with chemical reaction or absorption and 

biodegradation 
 
The applicability of mentioned technologies strongly depends on the flue gas composition i.e. 

the properties of present pollutants and their concentration and flue gas flow [12]. Electron beam 
treatment technology is included into non-thermal plasma applications group and is promising method 
for wide range of flue gas flow and rather low pollutants concentration (Fig. 2).  
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FIG. 2. Treatment technologies applicability vs.  flue gas flow and pollutant concentration [12] 

 

4. ELECTRON BEAM TECHNOLOGY FOR FLUE GAS TREATMENT – POLISH ACTIVITY 

4.1. EB technology applied for SO2 and NOx removal 

 
Electron beam technology for flue gas purification was invented in Japan in 1970’s [13]. The 

technology is based on radiation chemistry: in the presence of active species produced in EB irradiated 
flue gas (OH, O, HO2) and water, SO2 and NOx are transformed into HNO3 and H2SO4. These acids in 
the presence of added ammonia are transformed into mixture of NH4NO3 and (NH4)2SO4 which is used 
as a fertilizer. The process has been investigated intensively in several countries in the world (Japan 
[14, 15], Germany [16], USA [17] and Poland [18, 19]) and finally applied successfully in industrial 
scale in China for SO2 removal (1999) [20] and in Poland (2002) for simultaneous SO2 and NOx [21].  

 
The process has been investigated in Poland from the beginning for simultaneous SO2 and NOx 

since 1980’s. At the first stage the laboratory scale installation with the capacity of 400 dm3/h has been 
designed and put into the operation in 1989. As the next step pilot plant installation with the capacity 
up to 20 000 Nm3/h has been design, build at coal-fired thermal station and put into the operation in 
1992 [19]. The process has been optimized at the pilot scale and some new solutions found like e.g. 
the use of electrostatic precipitator for effective by-products separation or economically profitable 
double irradiation [22]. The optimization results have been used for industrial demonstration plant 
design which was built in late 1990’s. The EB demonstration installation started to operate in 2002 
treating 270 000 Nm3/h of flue gas, the initial concentrations of 2000 mg/Nm3 SO2 and 400-600 
mg/Nm3 NO are removed with high efficiency 95% and 70% respectively [21].  

4.2. VOCs decomposition by EB irradiation  

 
The possibility to apply EB technology for VOCs treatment has been investigated since late 

1980s initiated by Institute of Technical Chemistry, Forschungzentrum Karlsruhe in Germany [23]. 
Institute of Nuclear Chemistry and Technology in Warsaw joined this research field in 1996.  
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4.2.1. Aromatic hydrocarbons: benzene and styrene treatment by EB – laboratory scale 

experiments. 
Styrene. Experiments for mixture of styrene C8H8 and humid air has been carried out in batch 

system 24.  The gaseous mixtures containing of  46-912 ppmv of styrene have been irradiated with 
dose of 10 and 20 kGy. Observed removal efficiencies defined as: 

 
E= (ci-co)/ci, 

where: 
ci  – inlet concentration   [ppmv] and co – outlet concentration [ppmv] 
 
as the effect of  EB irradiation ranged from 80% for initial 912 ppm of  styrene up to 95% for 

the lowest value of initial concentration 46 ppm for the dose of 10 kGy  (Fig.2). Observed removal 
efficiencies for similar concentration range but dose increased up to 20 kGy  were for 10% higher 
[24].  

 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 3. Styrene removal efficiency,  D= 10 kGy 

Irradiated mixture has been analyzed by GC/MS technique to identify decomposition products. 
As the main organic aromatic products phenol C6H5OH, benzaldehyde C7H6O and 
benzeneacetaldehyde C8H8O have been observed. In irradiated mixture wide range of active species is 
created, which react with styrene like OH and NO3 radicals, O atoms and ozon [25] initializing 
decomposition process (Table VII). Identified primary products are later also decomposed in oxidation 
process generating finally mixture of CO, CO2, water, organic by-products and aerosol [26].  

 

TABLE VII.  AVAILABLE REACTION CONSTANT RATES FOR STYRENE AND ITS 
PRODUCTS  WITH ACTIVE SPECIES PRESENT IN IRRADIATED AIR. 

RATE CONSTANT k [cm3/mol s] 
COMPOUND OH O O3 NO3 
Styrene C8H8

 5.86x10-11       (27) 4.52x10-12      2.16x10-17  (30) 1.51x10-13   

Phenol C6H5OH 2.81x10-11      (32) 1.61x10-13     

(33)
not available 3.8x10-12      

(31)Benzaldehyde  C7H6O 1.3x10-11         (34) 4.8x10-13        

(35)
not available 2.01x10-15  (31)

 
 
Benzene: The experiments for benzene C6H6 removal have been carried out for dose ranged 

from 2,4 to 12 kGy and  initial concentration of benzene  ranged from 42 up to 55 ppmv [36]. Benzene 
concentration has been determined by GC/FID technique, product of radiolysis identified by GC/MS 
and concentration of inorganic compounds like CO and NO2 have been monitored continuously during 
irradiation experiment by LAND combustion analyzer (FIG. 3)
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FIG. 4. Carbon oxide concentration increase during 42 ppmv benzene/air mixture irradiation   

 
Benzene removal efficiency ranged from 2.9 up to 25.6% for dose ranged from 2.4 to 10 kGy 

respectively. Simultaneously with initial C6H6 concentration decrease, CO concentration increase in 
irradiated mixture has been observed (FIG. 4), what suggests EB decomposition process as a chain 
oxidation process leading to final mineralization.   

 
 
 
 
 
 
 
 
 
 
 
  
 

FIG. 5. Benzene and carbon oxide concentration in irradiated gas mixture vs. dose absorbed. 

 
However significant increase of CO concentration as well as CO2 detection  had been observed, 

the other organic by-products has been identified phenol C6H5OH, benzaldehyde C7H6O, p-
benzoquinone C6H4O2,  oxepine and trace amount of nitrobenzene C6H5NO2 [36].  

 
4.2.2. Polycyclic aromatic hydrocarbons (PAHs)  removal  by EB treatment – pilot plant tests. 
 
The experimental work done at pilot plant for typical DeSOx and DeNOx conditions, was 

focused on the possibility to apply EB treatment as a multi-component purification technology where 
inorganic and organic pollutants are removed simultaneously. As the target compounds group 
polycyclic aromatic hydrocarbons have been chosen due to their importance in planned emission 
regulations [3] and toxic properties [37]. PAHs consist of several fused aromatic rings made entirely 
from carbon and hydrogen their concentration in flue-gas from coal combustion process ranges from 
few up to several hundreds μg/Nm3 in the case of Polish coal and boiler type WP-120 [38] and 
emission strongly depends on the kind of fuel used and process conditions. 
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EB pilot plant, equipped with two accelerators (50kW, 500-800 keV each), placed at coal-fired 

thermal station, IS installed on a bypass of the main flue-gas stream from boiler WP-120 [19]. The 
scheme of arrangement is shown in Fig. 6.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 6. The scheme of pilot plant EB installation. 

 
In experimental work flue-gas flow ranged from 5.000-8000 Nm3/h, the other process 

conditions: humidity 6%vol, temperature 65Cdose applied 8 kGy, ammonia stoichiometry 0.8. 
Experimental work considered the measurement of 16 PAHs before and after irradiation.  The 

sample probes, made from stainless steel,  fitted with gas filters, were installed at the inlet and the 
outlet of irradiation chamber. The inlet and outlet samples were taken  simultaneously by adsorptive 
method (XAD-2 and charcoal adsorbents) and analyzed according to the standard procedure by 
solvent extraction and GC/FID analysis39. Measured concentration of  16 PAHs at inlet to irradiation 
chamber was on the level of 6-15 μg/Nm3, after irradiation decreased to  80-60% of initial value. After 
irradiation the concentrations of single PAHs decreased with the efficiency ranged from 3 up to 98%39. 
In the time of carrying out of experiments for PAHs, high removal efficiencies for SO2 and NOx were 
reached (85% for SO2 and 70% for NOx). 

 
In the case of PAHs more important than total concentration decrease is the change of flue gas 

overall toxicity TEQ based on 16 investigated PAHs, defined as: 
 

TEQ = ΣciTEFi 
where:ci - 

 PAH concentration [mg/Nm3] and 
 TEFi -PAH toxic equivalency factor  

TEQ values, based on EPA TEF classification [40], calculated for flu gas before and after 
irradiation are shown in Fig. 7. As the effect of irradiation overall toxicity of flue gas decrease 
significantly. 
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FIG. 7. Flue gas TEQ values, based on investigated PAHs, before and after irradiation. 

 

5. FUTURE PROGRAMME UNDER CRP 

 
Research objective of the program is development of EB technology for VOCs treatment from 

crude oil combustion process. The objective will be realized by the laboratory installation adoption 
and sampling and analytical procedure development  for flue gas from crude oil combustion. Selected 
key organic pollutants will be investigated  in irradiation experiments for single compounds with the 
purpose to estimate decomposition ratio and products of radiolysis for various process conditions. The 
cost  of proposed solution will be evaluated.    
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Abstract 

The Electron Accelerator Laboratory of the National Institute for Laser, Plasma and Radiation Physics, 
and the Department of Technology of Organic and Macromolecular Compounds of the Polytechnic 
University of Bucharest are involved in the R&D activity on the acid gases (SO2 and NOx) removal by 
electron beam and microwave methods. The research project titled “VOC removal by combined electron 
beam and microwave treatment” is part of the IAEA Coordinated Research Project on Electron Beam 
Treatment of Organic Pollutants Contained in Gaseous Streams. The preliminary results obtained and the 
future work under the CRP are also presented. 

 

1. BACKGROUND 

 
From the results obtained by basic studies and pilot plant tests, irradiation with electron beams 

was considered to be an effective method for simultaneous removing of SO2, NOX (acid gases) and 
VOC. But, the electrical energy consumption is evaluated to be about 2 to 4 per cent of total electrical 
energy produced in the power station for effective purification of flue gases. Thus, for industrial scale 
installation, the problem of reducing the electrical energy consumption for flue gases cleaning as well as 
the electron beam cost is especially important. Another aspect, reported by some authors, large dose rates 
(several hundreds of kGy s-1) lead to a decreasing efficiency for the pollutants removal because of the 
dependence of free-radical reactions, which govern flue gases cleaning, on the electron beam intensity.  

 
In view of these arguments, we have been attracted, during the last few years, at the National 

Institute for Laser, Plasma and Radiation Physics, to the concept of microwave energy additional use to 
electron beam energy. We have considered in our research that microwave induced plasma chemical 
process could be an attractive alternative to DC or RF and pulse corona induced plasma chemical 
process.  

 
Our experience of many years in the field of microwave (S-band) electron linear accelerators was 

used in the development of some microwave systems for this purpose.  Also, our previous scientific 
experience consists of  participation to six projects performed in the frame of National Program for 
Research, Development and Innovation (MENER and RELANSIN) and 12 papers regarding  SO2 and 
NOx removal  by electron beam and microwave irradiation.  

 
It is well-known that if an electron population  with energy between 5 eV and 20 eV interacts with 

a gas containing water vapor, oxygen, sulfur dioxide, nitrogen oxides and other gases produced by 
combustion of coal, oil, solid urban waste,  etc., this leads to ionization and excitation of the gas mixture 
components. If a sufficient amount of energy is transferred, excited molecules can decompose forming 
abundant quantities of active species which are consumed in chemical reaction, part of them leading to 
the desired conversion of pollutants. The electron population with energy between 5 eV and 20 eV may 
be obtained either by irradiating the gas mixture with high energy electrons produced by an external 
accelerator or by producing these electrons in the gas itself by subjecting all the gas to high electric fields 
thanks to which electrons with suitable energy are produced.  
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In view of the gaseous pollutants removal requirements, such as to reduce the cost of the flue gas 

treatment process, easy to apply and convenient to operate, the microwave energy use for gas 
energization appears to have important advantages over DC and pulse corona discharge. Indeed, using 
microwaves hot discharges producing high densities of free radicals and other species have been created 
in many gases at high pressures with absorbed power densities of 50-500 W/cm3.  

 
Also, microwave induced non-thermal plasma, which is quite different of the thermal plasma, 

could be a source of high density of free electrons and such give the possibility to obtain a condition for 
chemical reaction under a mild temperature and atmospheric pressure.  The absence of internal 
electrodes removes a source of contamination and makes reaction chamber simpler. Thus, both external 
accelerated electron beam and microwave can be regarded as sources generating free electrons and active 
species. In the case of the external electron accelerator use, the active species are concentrated on the 
accelerated electrons path. At low and medium dose rate, the chemical reactions consuming those 
radicals proceed fast enough to balance their production by electron beam transfer energy. At large dose 
rates, the radical concentration is much higher and radical recombination reactions may no longer be 
neglected, leading to a decreasing efficiency of the pollutants removal.  

 
With microwave energy applied in properly designed applicators promising results are expected 

because the microwaves penetrate large volumes and lead to creation of a volume active species. Thus, 
fast radical recombination reactions may be avoided. Some of the advantages of microwave excited 
plasma can be summarized as follows: 

 
1) It produces a much higher degree of ionization and dissociation that commonly gives 10 

times higher yield of active species than other types of electrically excited plasma; 
2) It is possible to sustain microwave plasma over a very wide pressure range, from 10-5 torr to 

several atmospheres. This makes it possible to have more microwave plasma applications than with 
other forms of electrical stimulated plasma; 

3) The electron-to gas temperature ratio Te/Tg is very high so the carrier gas and substrate 
remains moderately cool in the presence of high electron energy. Many reactions can take place in the 
process with relatively low ion energy; 

4) The absence of internal electrodes removes a source of contamination and makes reaction 
vessels simpler, 

5) Using microwaves hot discharges producing high densities of free radicals and other species 
have been created in many gases at high pressures with absorbed power densities of 50-500 W/cm3. 

 
The essential feature of combined microwave and electron beam irradiation is additional use of 

microwave energy for increasing the number of free electrons and sustaining their energy to optimum 
level. This results in a decrease in the average power of the electron beam and a reduction in costs of 
accelerators with the same removal efficiency.  

 
The microwave energy additional use to electron beam energy, to sustain free electron energy to 

optimum level depends on several parameters, such as electric field amplitude, field distribution, energy 
distribution, reaction vessel (applicator) geometry, which make hard the control of that problem. 
Therefore a study of several microwave applicator types and associated microwave systems is important 
to understand the energy transfer. The examination of the reported results suggests that many studies are 
still necessary to establish the optimum operational conditions for gaseous pollutants removal process 
with high efficiency and low costs.   

 
In view of this argument we have decided: 
 

 to make an analysis which compares various gaseous pollutants removal methods, separate 
electron beam irradiation, separate microwave irradiation and combined electron beam and 
microwave irradiation;  
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 to establish if the microwave irradiation is capable without electron beam irradiation of 
converting gaseous pollutants  from  a gaseous mixture;  

 to determine the optimum operational conditions for this treatment;  
 to design a laboratory microwave applicator  used as irradiation chamber, in which are 

injected both, electron beam and microwave;   
 to determine the relationships between  gaseous pollutants removal, electron beam absorbed 

dose level and  microwave power level.  
 
In conclusion, the main idea of our researches was to combine the advantages of both, electron 

beam and microwave in gas energization process, i.e. electron beam high efficiency in producing high 
densities of free electrons, radicals and other species with microwave remarkable easiness in volumetric 
producing and sustaining free electrons energy to optimum level, in order to enhance gaseous 
pollutants removal efficiency and to reduce the electrical energy consumption and removal costs. 

 
The first expected result was the decrease of the required electron beam absorbed dose in 

comparison with separate electron beam irradiation for the same removal efficiency. Thus, the use of 
the accelerated electron beam irradiation, which is the most effective method for simultaneous SO2 
and NOx will become economically attractive for the flue gas cleaning. 

 
In the view of the above considerations and on the base of our experience in the electron beam and 

microwave field (construction and applications), we have decided: 
 

 To make an analysis which compares various SO2 and NOx removal methods: separate and 
combined electron beam and microwave irradiation; 

 To use such parameters for the tested gaseous mixtures which were already reported as 
optimum to achieve maximum removal efficiencies with minimum input energy at low 
temperatures (below 700C in order to benefit by spontaneous reaction of SO2 with ammonia) 
and high humidities (up to 25 % in order to benefit by the water free radicals), in presence of 
Argon (enhance chemical reaction efficiency). 

 

2. THE ELECTRON ACCELERATORS USED IN OUR EXPERIMENTS 

 
The linear electron beam accelerators ALIN-10 and ALID-7 were built in the Electron 

Accelerator Laboratory, NILPR, Bucharest, Romania. Both accelerators, ALIN-10 and ALID-7, are of 
travelling-wave type, operating at a wavelength of 10 cm. They utilize tunable S-band magnetrons 
(EEV M 5125 type), delivering 2 MW of power in 4 μs pulses. The electrons are injected from a diode 
type gun at a voltage of 80 kV and travel through the accelerating structure, a disk-loaded tube 
operating in the π/2 mode. Variable phase velocity bunchers are located in the first part of the 
accelerator. The remainder has a uniform section. 

 
The microwave system consists of some components, such as accelerating structure, mode 

transducer, waveguide windows, microwave power loads etc. During and after acceleration, the 
electrons are subjected to a succession of electromagnetic devices for beam focusing, beam projecting 
through 900 (only for ALIN-10) and beam sweeping in a horn-shaped vacuum chamber to form a 
“screen” of electrons (only for ALID-7). ALIN-10 is located in a horizontal configuration and ALID-7 
in a vertical configuration. An important feature of ALIN-10 and ALID-7 electron linear accelerators 
with diode type guns is an original control technique for obtaining programmed single electron beam 
shots and pulse trains, with the desired pulse number, pulse repetition frequency and pulse duration by 
discrete pulse temporal position modulation of the gun electron beam pulses and the magnetron 
microwave pulses. Sampling method involving an electron collection monitor and its instrumentation 
was used for monitoring absorbed dose rate and accumulated absorbed dose during the irradiation 
process. This monitor which intercepts only a fraction of the scanned electron beam gives a relative 
value of the absorbed dose rate: it has been first calibrated by several chemical systems (such as the 
Ceric dosimeter) placed at the position of the samples to be irradiated. 
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The dependence of electron beam (EB) average power (PB) on the input accelerator characteristics 
as well as beam loading characteristic have been investigated for the determination of the optimum 
values of peak beam current (IB) and average beam energy (EB) to produce maximum beam average 
power at the end of the accelerating process. Below, there are presented the beam loading characteristics 
and beam power characteristics for ALIN-10 and ALID-7, respectively.  

 

FIG. 1. ALIN-10 accelerating structure (travelling wave) and output microwave system 

 

 

FIG. 2. ALID-7 accelerating structure (travelling wave), microwave system, gun and modulators 

 

FIG. 3. Photograph of the experimental installation used for SO2 and NOx removal by simultaneous  EB 
and MW irradiation 
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3.  RESEARCHES AND RESULTS IN REMOVING SO2 AND NOX 

 Experiments were carried out using a flow system consisting mainly of the following units: 
 

 a mixing chamber;  
 a reaction vessel;  
 a gas analyzer; 
 an electron beam source; (ALID-7) 
 a microwave injection system.  

 

 

FIG. 4. Schematic drawing of the experimental installation used for SO2 and NOx removal by 
simultaneous EB and MW irradiation 

 
The air, SO2 , NOX , Ar and CO2  were individually charged and controlled using each flow control 

valve and each flow meter and than passed into the mixing chamber through each pipe to prepare a 
desired gases composition.  

 
The mixture of H2O and NH3 was fed by a peristaltic pump (moves precise volumes of liquid in a 

specified time period) into a vaporizing system and than in the mixing chamber. The gaseous mixture 
prepared in mixing chamber was charged into the reaction vessel  at a flow rate up to 1 Nm3h-1. The 
temperature of the gaseous mixture was controlled by heaters set outside vessel. Reaction vessel is a 
rectangular multimode cavity (RMC) (450 mm X 245 mm X 245 mm inner dimensions)  excited by a 
microwave injection system of 2.45 GHz and 1200 W maximum output power (Fig.4). 

 
The scanned electron beam is introduced perpendicular to the RC upper-end plate through a 100 

μm thick titanium foil while the microwave power is coupled to the RC lateral wall via a slotted 
waveguide. The microwave injection system consists of the following components: a microwave power 
controlled generator, a coupling section to fit to WR430 waveguide, a dual directional coupler for 
forward and reflected power monitoring and a three stub tuner for impedance matching.  

 
SO2, CO, CO2, NH3, NOx and O2 gases are monitored at the end of the test loop before and after 

treatment by TESTO 350 M/XL and IMR 2000 CP gas analyzers. The preliminary experiments were 
carried out with simulated flue gas consisting of air, argon, CO2, SO2, NOx, H2O and NH3.  
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The removal of NOx and SO2 has been investigated in the following conditions: Mixture 

temperature:  65-700C; Gaseous mixture flow rate: 1 Nm3h-1; Without and with 7 % argon  added in the 
gaseous mixture; CO2 concentration: 10%; SO2 initial concentration: 2000 ppm; NOx initial 
concentration: 730 ppm; H2O concentration: 25%; NH3 added in stoichiometric amounts (the amount 
required for complete conversion of  SO2 and NOx into ammonium salts); SO2 and NOx separately and 
simultaneously added into the gaseous mixture. 

 

4. RESULTS 

 
The first experiments were carried out with RMC by applying separate EB irradiation, separate 

MW irradiation and simultaneous EB and MW irradiation. SO2 and NOx were separately and 
simultaneously added into the gaseous mixture. The experimental results are presented in Fig.2 to Fig. 10 
for SO2 and NOx separately added into the gaseous mixture and in Fig.11 for SO2 and NOx 
simultaneously added into the gaseous mixture.  

 
Fig. 5 shows that a considerable amount of SO2 (up to 42% after 8 minutes) in the gaseous 

mixture is removed through spontaneous reaction with ammonia even without MW irradiation. From the 
experiments, it was found that spontaneous reaction of SO2 with ammonia proceeds at the temperature 
below 70oC in the presence of water vapour.  

 
Also, as is shown in Fig. 5, 7% Argon presence in the gaseous mixture leads to the enhancement 

of SO2 removal efficiency up to 20% for 550W microwave power and 8 minutes irradiation time. In 
view of this, the experiments were performed with 7% Ar concentration.  
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FIG. 5. The effects of the MW power, irradiation time and Ar presence upon  η(SO2) for the RMC (Ci 
(SO2) =2000ppm and Ci (NOx) =0) 

 
Fig. 6 and Fig. 7 show the effects of MW power and EB absorbed dose on the SO2 removal 

efficiency for separate MW irradiation and separate EB irradiation, respectively. Fig. 7 shows that 
η(SO2) continuously increases with MW power increasing and reaches 85% at MW power of 1200W.  
Fig. 8 demonstrates that η(SO2) first rapidly increases with EB dose (EB dose = energy quantity per 
unit mass in Gy or J kg-1) and then increases lightly up 85% for separate EB irradiation of 50 kGy.  
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FIG. 6. η(SO2) versus MW power (Ci (SO2) =2000ppm and Ci (NOx) =0) 
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FIG. 7. η(SO2) versus EB dose (Ci (SO2) =2000ppm and Ci (NOx) =0) 

Fig.8 shows that the microwaves are not effective in reducing the NOx concentration compared 
to SO2 removal. η(NOx) has a slight increase versus MW power, reaches a maximum of 6% in the 
range of 350-400 W after then rapidly decreases with MW power increasing.  Some recent tests have 
demonstrated that NOx removal could be facilitated when the MW treated gas is passed through a bag 
filter with diatomaceous earth and by mixing various hydrocarbon additives in gas mixture. 
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FIG. 8. η(NOx) versus MW power  (Ci (NOx) = 730ppm and Ci (SO2) =0) 
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Fig.9shows that η(NOx) exhibits a significant increase with EB dose up to 70% for separate EB 

irradiation of 40 kGy.  
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FIG. 9. η(NOx) versus EB dose (Ci (NOx) = 730ppm and Ci (SO2) =0) 

Figures 10-13 show the effect of simultaneous electron beam and microwave irradiation on the 
η(SO2). The additional use of MW energy to the EB energy increases the SO2 removal efficiency. The 
SO2 removal efficiency for simultaneous EB and MW irradiation of 1 kGy + 550 W is in the same 
range as for separate EB irradiation of 9 kGy (Fig.7): thus, for the same removal efficiency, the 
required dose for EB and MW simultaneous irradiation is about 10 times smaller than for separate EB 
irradiation.Also, the SO2 removal efficiency for simultaneous EB and MW irradiation of 9 kGy + 550 
W is in the same range as for separate EB irradiation of 30 kGy (Fig.8): the reducing factor of the EB 
dose is about 3 times in this case.  

 
The reducing factor of required EB doses by additional use of MW is smaller at higher EB 

doses because the EB irradiation becomes very effective by themself. This effect was examined at two 
MW power levels: 550 W and 800 W. As is shown in Fig. 10, the additional use of MW energy to the 
EB energy is very effective to SO2 removal especially for EB doses up to 10 kGy.  
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FIG. 10. η(SO2 ) versus EB and/or MW irradiation time for small EB doses (Ci (SO2) =2000ppm and 
Ci (NOx) =0) 
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FIG. 11. η(SO2 ) versus EB and/or MW irradiation time for middle EB doses(Ci (SO2) =2000ppm and 
Ci (NOx) =0) 
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FIG. 12. η(SO2 ) versus EB and/or MW irradiation time for high EB doses(Ci (SO2) =2000ppm and Ci 
(NOx) =0) 

0 5 10 15 20 25 30 35 40 45 50 55
0

10
20
30
40
50
60
70
80
90

100

 EB
 EB+MW (PMW=550W)
 EB+MW (PMW=800W)

η SO
2 (

%
)

EB absorbed dose (kGy)
 

FIG. 13. η(SO2 ) versus EB dose for separate EB irradiation and simultaneous EB and MW irradiation 
(Ci (SO2) =2000ppm and Ci (NOx) =0) 
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A set of experiments was performed with simultaneous presence of SO2 and NOx in the gaseous 

mixture. Fig. 14 gives the values of η(SO2) and η(NOx) versus EB dose for this case. The 
simultaneous presence of SO2 and NOx into the gaseous mixture increases the removal efficiency for 
both, separate EB irradiation and EB + MW irradiation. Thus, for the separate EB irradiation of 40 
kGy, η(SO2) is increased from 81% to 99% and η(NOx)  from 68% to 81% when SO2 and NOx are 
simultaneously added into gaseous mixture.  

 
Also, Fig. 14 shows that, for EB doses up to 20 kGy, the additional use of MW energy to EB 

energy is very effective in the pollutants reduction when SO2 and NOx are simultaneously added into 
the gaseous mixture. For the same removal efficiency of 98% for SO2 and 80% for NOx at separate EB 
irradiation of 40 kGy, the required absorbed dose is about two times smaller for simultaneous EB and 
MW irradiation. 
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FIG. 14. η(SO2 ) and η(NOx )  versus EB dose for separate EB irradiation and simultaneous EB and 
MW irradiation (MW power = 550W). SO2 and NOx simultaneously added into gaseous 

mixture (Ci (SO2) =2000ppm and Ci (NOx) =730ppm) 

 

5. CONCLUSIONS 

 
η(SO2) increases with MW power increasing and reaches 85% at MW power of 1200W. The 

microwaves are not effective in reducing the NOx concentration compared to SO2 removal. NOx removal 
could be facilitated when the MW treated gas is passed through a bag filter with diatomaceous earth and 
by mixing various hydrocarbon additives in gas mixture. η(SO2) first rapidly increases with EB dose and 
then increases lightly up 85% for separate EB irradiation of 50kGy. η(NOx) exhibits a significant 
increase with EB dose up to 70% for separate EB irradiation of 40kGy.  

 
The additional use of MW energy to the EB energy increases the SO2 removal efficiency. The 

additional use of MW energy to the EB energy is very effective to SO2 removal especially for EB doses 
up to 10kGy. The reducing factor of required EB doses by additional use of MW is smaller at higher EB 
doses because the EB irradiation becomes very effective by themselves. The additional use of MW 
energy to EB energy is very effective in the pollutants reduction when SO2 and NOx are simultaneously 
added into the gaseous mixture. For the same removal efficiency of 98% for SO2 and 80% for NOx at 
separate EB irradiation of 40 kGy, the required absorbed dose is about two times smaller for 
simultaneous EB and MW irradiation.  
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Based on this research and the results obtained by a pilot project built in collaboration with 

Electrostatica Bucharest, a project for an installation involving simultaneous SO2 and NOX removal by 
irradiation with accelerated electron beams and microwaves has been proposed. The main parameters 
and the process flow diagram are shown in Fig. 15 and Table II. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 15. Thermo-Power Plant CET-West Bucharest. Process for simultaneous SO2 and NOX removal  
by combined electron beam and microwave  irradiation 

TABLE VIII. INSTALLATION FOR SO2 AND NOX REMOVAL BY COMBINED ELECTRON 
BEAM AND MICROWAVE IRRADIATION; PROPOSED FOR A BOILER OF 525 T/H AT 
THERMO-POWER PLANT CET-WEST-BUCHAREST OF 550 MW 

Parameter  
The source of flue gas  Oil + gas burning 
Flow rate 345 100 Nm3/h 
Conditioned gas composition CO2 = 140.5 g/Nm3; CO = 0.0035 g/Nm3 

O2 = 165.2 g/Nm3; N2 = 779.51 g/Nm3 
SO2 = 3.46 g/Nm3; NOX = 0.458 g/Nm3 
H2O = 100.45 g/Nm3; NH3 = 3.464 g/Nm3 
Dust = 0.05 g/Nm3 

Conditioned gas temperature 700C 
EB power per 1 Nm3 4.40 W 
MW power per 1 Nm3 4.00 W 
Total EA + MW power  1 520 kW + 1380 kW 
Estimated removal efficiency SO2 = 95-99% 

NOX = 75-80% 
The main items of the process Number of process lines: 2 

Process vessel: 1.1  x 1.96 x 0.245 m3 

Number of accelerators/line: 2 
Number of MW sources/line: 4 
EB energy: 0.8-1 MeV 
EB power/accelerator unit = 400kW 
MW power/ source unit = 200 kW 
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6. RECENT PUBLICATIONS RELATED TO THE PROJECT 

6.1. Previous experience related to the project 
 

o Contribution to building, maintenance and exploitation of ALIN-10 and ALID-7 linear 
electron acceleration built in NILPRP, Romania. 

o Applied and basic physics researches of electron beam and microwave material 
processing. 

o Achievement of 6 projects performed in the frame of National Program for Research, 
Development and Innovation, supported by the Romanian Education and Research 
Ministry (MENER and RELANSIN) concerning air pollution control by electron beam, 
microwave, DC and pulse discharges. 

6.2. Recent publications 
 

1. SO2 and NOX removal by electron beam and electrical discharge induced non-thermal 
plasmas, D. Ighigeanu, D. Martin, E. Zissulescu, R. Macarie, C. Oproiu, E. Cirstea, H. Iovu, I. 
Calinescu, N. Iacob, VACUUM, Vol.77, No.4, 2005, pp. 493-500; 

 
2. Combined microwave and accelerated electron beam irradiation facilities for applied physics 

and chemistry, D. Martin, D. Ighigeanu, E. Mateescu, G. Craciun, I. Calinescu, H. Iovu, G. Marin, 
IEEE Transactions on Industry Applications, Vol. 40, No. 1, 2004, pp. 41-52; 

 
3. Air pollution monitoring system by DC, pulse and microwave discharges, D. Ighigeanu, D. 

Martin, R. Macarie, E. Zissulescu, I. Calinescu, H. Iovu, E. Cirstea, G. Craciun, A. Ighigeanu, Journal 
of Environmental Protection and Ecology, Vol. 4, No.3. 2003, ISSN 1311-5065, pp. 525-534; 

 
4. Emission control of SO2 and NOx by irradiation methods, M. Radoiu, D. Martin, I. Calinescu, 

Journal of Hazardous Materials, B97, 2003, pp. 145-158; 
 
5. Microwave-enhanced dechlorination of chlorobenzene, M. Radoiu, I. Calinescu, D. Martin, 

R. Calinescu , Res. Chem. Intermed., Vol.29, No.1, 2003, pp-71-81; 
 
6. Catalytic oxidation of volatile organic compounds from air streams in the presence of 

microwaves, I. Calinescu, R. Calinescu, I. Iliuta, D. Martin, D. Ighigeanu, Proceedings of the 9th 
International Conference on Optimization of Electrical Equipments (OPTIM), Brasov, Romania, May 
20-21, 2004, pp. 143-148 (ISBN 973-635-285-4); 

 
7. Application of the non-thermal plasmas induced by electron beam and electrical discharge to 

SO2 and NOx removal, D. Ighigeanu, D. Martin, E. Zissulescu, R. Macarie, C. Oproiu, E. Cirstea, H. 
Iovu, I. Calinescu, N. Iacob, Proceedings  of the Fifth General Conference of the Balkan Physical 
Union, BPU-5, August 25-29, 2003, Vrnjacka Banja, Serbia and Montenegro, pp. 1061-1064; 

 
8. A Combined Microwave Discharge and Accelerated Electron Beam Irradiation for Flue Gas 

Cleaning, M. Radoiu, D. Martin, D. Ighigeanu, I. Calinescu, H. Iovu, Proceedings of the    V-th 
International Workshop on Microwave Discharges-Combined Fundamentals and applications, 
Greifswald,Germany, July 08-12, 2003, Editor: Andreas Ohl, INP Greifswald, pp. 255-258, ISBN 3-
00-011612-5; 
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Abstract 

In this paper there are presented the preliminary results obtained in VOC removal by MW treatment and 
by combined EB and MW treatment. The effect of MW irradiation upon a quartz reactor containing 
absorbing ceramic and an oxidation catalyst is important for the conversion of gaseous toluene. The 
conversion of toluene under MW irradiation is more important than if it happens under EB irradiation. 
The use of a combined irradiation (successively first EB and than MW) causes a more significant 
transformation of toluene – a synergetic effect appears. As the process is catalytic the efficiency of 
removing the toluene is dependent on several parameters such as: temperature, residence time and the 
initial concentration of toluene. When these parameters are chosen correctly a highly efficient removal of 
toluene from air is possible (> 99%). 

1. BACKGROUND 

1.1. The purpose 

This work is meant to emphasize the high efficiency of unconventional processes used to 
remove the VOC from gaseous emissions. Another purpose of this work is to determine the influence 
of various parameters on the efficiency of VOC removal. 

1.2. Objectives 

 Building reliable devices so that reproducible results might be obtained. 
 Establishing a specific working procedure in order to allow safe operation and to generate 

precise results. 
 Determining the optimum functioning parameters for the process. 

2. THE DESCRIPTION OF THE LABORATORY INSTALLATIONS 

 
In order to accomplish this experiment two laboratory installations were used, both of them 

based on the catalytic oxidation procedure. The installations are made up of a series of devices such 
as: 

 Devices meant to obtain the synthetic gaseous mixture; 
 Devices for the treatment of the gaseous mixture with microwaves and / or electron beams. 
 Devices for the analysis and removal of the residual gases. 

 
In order to obtain the synthetic gaseous mixture a system formed of two dosing pumps was 

used. This system is meant to control the flow rate of hydrocarbon (toluene) and of water which are 
introduced as liquids in the evaporation tower. Here they are evaporated in an air draught which comes 
from a compressor. In order to measure the air flow rate a flowmeter was used and to purify it an 
adsorption tower with activated coal was employed.  



  115 

 
The final gaseous mixture must be brought to a temperature of 45-500C (so that the VOC and 

the water should be maintained in gaseous state). This is accomplished by means of a controlled 
electrical heating. 

 
For the treatment of the gaseous mixture two different installations were used: 
 

 In the first installation two sources of irradiation were employed : EB and MW; 
 The second installation employed only MW irradiation; 

 
The EB irradiation was accomplished in a cylindrical chamber made of stainless steel, having 

the following dimensions: 275 mm – high and 135 mm – diameter. This chamber was empty at first 
but then it was converted into a baffle chamber to increase the average residence time of gases. 

 
The MW irradiation was accomplished in a cylindrical cavity measuring 940 mm –(length 

without chokes) * 90 mm (diameter) which contains a quartz reactor having the following dimensions: 
1300 mm (length) * 20 mm (diam. ext.) – 16 mm (diam. int.). The quartz reactor contains a high MW 
absorbing material (silicon carbide or ceramic) and a catalyst bed (V2O5). The residual gases which 
leave the reactor are analyzed by means of a special measuring device: OLDHAM MX 21 Plus and 
they are afterwards evacuated outside the laboratory. 

 
The multigas detector OLDHAM MX 21 yields a maximum efficiency in determining volatile 

organic compounds from gaseous emissions and it is especially sensitive to toluene. This device is 
able to detect the following compounds: 

 
 Aromatic hydrocarbons (toluene, xylenes, etc.); 
 Aliphatic hydrocarbons mixtures (gasoline, kerosene, etc.) 
 Ketones; 
 Esters and alcohols; 
 Ethers. 

 
All of these compounds are measured together and are expressed as VOC (ppm). The device is 

calibrated for toluene. The device is also able to determine the CO and NOx content from the gases. 
 
 

 

FIG. 1. The laboratory installation for the catalytic oxidation of VOC from air by means of EB and / or 
MW irradiation. 
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Where: 
 
1  Air Compressor  12 Elongated cylindrical microwave cavity 
2  Reducing valve  13 Water cooling 
3  Control choke   14 Ceramic (microwave absorbent) 
4  Safe valve   15 Flowmeter 
5  Water dosing pump  16 Rectangular waveguide 
6  Toluene dosing pump   17 Microwave generator (magnetron) 
7  Absorbent carbon  18 Oxidation catalyst (V2O5) 
8  Pipette for toluene  19 Microwave power adjusting device 
9  Evaporation chamber  20 Four gas monitor OLDHAM  MX 21 - Plus 
10 Electrical heating  21 Discharge system for residual gases 
11 Electrical controller device 22 Cylindrical chamber for EB irradiation 
     23 Electron accelerator 
 

3. GENERAL WORKING PROCEDURE 

The experiment is made up of two parts. 
 

 Preparing the installation for the process; 
 Developing of the experiment (establishing of some process parameter and measuring the 

evolution of VOC, CO and NOx concentrations). 
 

3.1. The treatment of the gaseous mixture with EB and  MW  

 
The gaseous synthetic mixture flows through the cylindrical chamber (22) where it is irradiated 

with EB. Afterwards the gas is introduced into the quartz reactor inside the MW irradiation cavity (12) 
and finally it is analyzed and evacuated. The quartz reactor contains a high MW absorbing material 
(ceramic) and an oxidation catalyst – B configuration. In the EB irradiation chamber a series of baffles 
were installed in order to increase the average residence time of gas. 

 
A series of experiments where different parameters were modified have been carried out. The 

modified parameters were: 
 

 The air flow rate – the residence time of gases; 
 The toluene concentration 
 The water concentration 
 The ammonia concentration (in some experiments the water was replaced with an 

aqueous solution of ammonia in order to introduce together in gaseous mixture water 
and ammonia); 

 The microwave power; 
 
The results obtained are presented in figures 2 – 7. 

3.2. The treatment of the gaseous mixture with microwaves 

 
The synthetic gaseous mixture that was obtained is introduced into the quartz reactor. Inside this 

reactor a high MW absorbing material (pieces of silicon carbide or ceramic) has been placed together 
with a catalyst. Thus two different configurations of the quartz reactor are obtained. The position of 
the MW absorbing material is essential for the tuning of the MW cavity. This tuning was established 
by measuring the reflecting and induced power using some special devices: ferrite circulator; dual 
directional coupler; three stub tuner (impedance matcher).  
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The catalyst position behind the high MW absorbing material does not influence the tuning 
already obtained. Thus, two basic configurations are obtained and they are distinguished by the nature 
of the microwave absorbing material used for the preheating of gases.  

 
Several experiments in which various parameters were modified have been carried out. The 

modified parameters were: 
 

 The air flow rate – the residence time of gases; 
 The toluene concentration 
 The water concentration 
 The power of MW generator 

 
A first set of experiments was carried out keeping a constant gas flow rate and successively 

modifying the concentration of the hydrocarbon and the microwave power. Another set of experiments 
was accomplished to determine the influence of the water vapors upon the efficiency of the process. 
The last series of experiments were meant to study the influence of the residence time upon the 
efficiency of the process. During the experiments the air flow rate varied between 75 and 200 l/h; the 
toluene concentration varies between 1200 and 5000 ppm. The microwave power that was used range 
between 175 and 325W. The results obtained are presented in figures 8 – 11. 

 

4. EXPERIMENTAL DATA OBTAINED – ANALYSIS AND INTERPRETATION. 

4.1. EB and  MW irradiation 
 
Observation 
The concentrations that were determined for VOC represent the sum of all the organic 

components. The growth in VOC concentration during the irradiation signifies the partial oxidation of 
toluene in smaller organic compounds whose total concentration (in volumes) is greater than the initial 
toluene concentration. During the experiments involving EB irradiation the information provided by 
the gas analyzer Oldham and referring to VOC is considered relative (we were not able to calibrate the 
analyzer for VOC). 

 
Irradiation only with EB using an empty irradiation chamber 
Because of the short residence time the effect of electrons is weak. When the gases contain a 

higher concentration of water one can observe a higher concentration of CO in treated gases (the only 
conversion product determined). 

 
 
 
 
 
 
 
 
 
 
 
 

FIG. 2. The influence of the concentration of water from initial gases upon the concentration of CO in 
the treated gases. EB irradiation in an empty chamber; air flow rate 200 l/h; [toluene]0=2150 

ppm. 
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4.2. Combined irradiation of gases: EB (empty chamber) and MW (B-configuration) 

 
In the present configuration the effect of EB irradiation is weak. The effect of MW irradiation 

upon a quartz reactor containing absorbing ceramic and an oxidation catalyst is important for the 
conversion of gaseous toluene. The conversion of toluene under MW irradiation is more important 
than if it happens under EB irradiation (exp. 7 as compared to exp. 5). The use of a combined 
irradiation (successively first EB and than MW) causes a more significant transformation of toluene – 
a synergetic effect appears (exp. 8 as compared to exp. 5 and 7). 

 
 
 
 
 
 
 
 
 
 
 
 

FIG. 3. The influence of irradiation type on the concentration of the treated gases. Air flow rate 100l/h; 
[toluene]0=2535 ppm; [H2O]0=9,4 %. 

4.3. Combined irradiation of gases: EB (baffle chamber) and MW 

In the presence of water vapors in high concentration the toluene is easier converted to CO (exp. 
9 as compared to exp. 11). The combined irradiation EB and MW leads to a higher conversion of 
toluene (exp. 10 as compared to exp. 11 and 12). 

 
 
 
 
 
 
 
 
 
 
 
 

FIG. 4. The influence of irradiation type on the concentration of the treated gases. Air flow rate 100l/h; 
[toluene]0=2535 ppm; [H2O]0=traces. 

4.4. The influence of residence time 

The growth in air flow rate from 100 to 200 l/h determines a drop of residence time and a 
weaker conversion of toluene into CO (exp. 16 and 17 as compared to exp. 13, 14 or 20, 21). The 
favorable effect of combined irradiation is also observed (exp. 21 as compared to exp. 20; exp. 17 as 
compared to exp. 16 and exp. 14 as compared to exp. 13). 

0
1
2
3
4
5

100

200

300

400

500

600

700

EB                  MW(325W)             EB+MW(325W)
5                              7                            8                Exp. No

C
on

ce
nt

ra
tio

n,
 v

ol
. p

pm

Irradiation type

 VOC
 CO
 NOx

0
1
2
3
4

100

200

300

400

MW(250W)        MW(325W)          EB + MW(250W)
10                   Exp. No1211

C
on

ce
nt

ra
tio

n,
 v

ol
.p

pm

Irradiation type

 VOC
 CO
 NOx



  119 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 5. The influence of irradiation type and air flow rate on the concentration of the treated gases. Air 
flow rate 100 – 200 l/h; [toluene]0=1270-2535 ppm; [H2O]0=traces. 

The water was replaced with an aqueous solution of ammonia (14%). The presence of ammonia 
in the initial gases favors the process of toluene conversion (both the total VOC concentration and CO 
concentration growth). It determines also the apparition of NOx in treated gases. 

 
 
 
 
 
 
 
 
 
 
 
 

FIG. 6. The influence of ammonia from the initial gases on the concentration of the treated gases. Air 
flow rate 100-150 l/h; [toluene]0=2535-3350 ppm; [H2O]0=9.2-9,4 %; [NH3]0=0-1.6% 

4.5. Irradiation only with EB into a baffle chamber 

 
Using a baffle chamber for EB irradiation has determined a longer average residence time for 

the gases and also a higher conversion of toluene into CO (exp. 24 as compared to exp. 2 and 4). 
However, the CO concentration remains very low which proves that in this kind of irradiation chamber 
the absorption of the EB energy is very low and thus the effect upon the transformation of gaseous 
hydrocarbons is very weak. 

4.6. Conclusions - EB and  MW irradiation 

 
Conclusions about the removal of toluene from air through oxidation initiated by EB or /and 

MW irradiation. In the present configuration the effect of EB irradiation is weak. Even after using a 
baffle chamber for irradiation the toluene was not significantly transformed. The effect of MW 
irradiation upon a quartz reactor containing absorbing ceramic and an oxidation catalyst is important 
for the conversion of gaseous toluene. The conversion of toluene under MW irradiation is more 
important than if it happens under EB irradiation. 
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The use of a combined irradiation (successively first EB and than MW) causes a more 

significant transformation of toluene – a synergetic effect appears. In all the experiments carried out 
one can notice a growth in concentration of partial oxidation products (CO and organic products 
smaller than toluene) determined by a growth in residence time and in irradiation power. The presence 
of water and ammonia in the initial gaseous mixture favors a more significant transformation of 
toluene. 

4.7. Experimental limitations 

The analysis of gases was carried out with an Oldham MX-21 device which is very sensitive to 
VOC but which yields a global response to any kind of VOC. In the case of partial toluene oxidation 
the VOC concentrations from the gases may rise (from one molecule of toluene several smaller VOC 
can be obtained). We were unable to observe the temperature of the catalyst inside the microwave 
reactor. For this reason proper conditions for the complete oxidation of VOC were not obtained. 

4.8. Objectives for future experiments 

 Changing the gas analysis system. The CO and CO2 from gases will be determined by a gas 
analyzer and the VOC will be observed by GC analysis. Thus a clear image of all VOC 
transformation will be obtained. 

 Using a special IR sensor to measure the temperature of the catalyst inside the microwave reactor. 
Thus the process of catalytic oxidation will be controlled better. 

 Building a reaction chamber in order to achieve the combined EB and MW irradiation 
(simultaneously) of a gas mixture for VOC oxidation. We hope that in this way we will avoid 
using the catalyst and in the same time to obtain a high efficiency in removing VOC. 

 

5. MW IRRADIATION 

 
In this set of experiments the conversion of toluene into total oxidation products has been 

significant. For this reason the values of total VOC concentration in treated gases – [VOC]t were 
sensible smaller than ones in the initial gases – [VOC]0. The total efficiency of VOC removal has been 
determined using the formula:  

 
0

0

[ ] [ ] *100
[ ]

tVOC VOCEff
VOC
−

=  

5.1. Eksperimental work 

In the quartz reactor were the catalytic oxidation of VOC is realized the gas first passed over a 
good MW absorbent in order to be heated; than it passed over the V2O5 catalyst. In A configuration, 
the silicon carbide was used as MW absorbent (acknowledged as one of the best MW absorbent). This 
substance easily reaches very high temperatures (its temperature could not be measured directly but 
the presence of NOx in concentrations higher than 360 ppm indicates a temperature beyond 1500 0C. 

 
One can notice that optimum conditions of oxidation are obtained at a proper temperature. The 

increase of the MW irradiation power determines the excessive heating of the oxidation catalyst which 
loses its active component and also its oxidation efficiency (even the partial melting of the catalyst can 
be observed). 

 
Thus the highest efficiency in toluene removal is obtained at moderate MW power (250 W). In 

this configuration, reducing the air flow rate by half has led to an increase in the efficiency of toluene 
removal at only 88%. The attempt to use a gaseous mixture with a high concentration of water (~9,5 % 
vol.) did not lead to a higher efficiency. 
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FIG. 7. The influence of microwave power upon the concentration of compounds from the treated gases 
and upon the efficiency in toluene removal. A-configuration; [toluene]0= 1270 ppm; air flow 

rate 200 l/h; [water]=traces  

In the second set of experiments another configuration was used, with a piece of ceramic 
(100*12*12 mm) standing for MW absorbent. This material is also heated during the MW irradiation 
but not so strongly as the silicon carbide. As a consequence the NOx are obtained in very low 
concentrations. The influence of MW power upon the toluene removal efficiency is similar to that 
obtained in the first configuration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 8. The influence of microwave power on the concentration of the treated gases and on the 
efficiency of toluene removal. B-configuration; [toluene]0= 1270 ppm; air flow rate 200 l/h; 

[water]=traces 

When the air flow rate is reduced by half (and the residence time is longer) the toluene removal 
efficiency is very much increased. 
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FIG. 9. The influence of toluene concentration from the initial gases on the efficiency of toluene removal 
for different airflow rates.B-configuration; [water]=traces 

In the studied range of toluene concentrations (0.1 to 1 vol %) the toluene removal efficiency is 
favored by higher initial toluene concentrations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 10. The influence of the initial concentration of toluene on the concentration of the treated gases 
and on the efficiency of toluene removal.B configuration B, dry gases, air flow rate 100 l/h. 

5.2. Conclusions – microwave irradiation 

 
The catalytic oxidation of toluene vapors in air at a concentration smaller than 1 vol.%. was 

studied on a V2O5 catalyst used in a quartz reactor heated with microwaves.The preheating of gases 
was achieved by a good microwave absorbent material. 

 
Do to the very good absorption of microwave energy the materials used reach temperatures 

which are high enough to allow the preheating of the gaseous mixture inside the reactor. This is an 
important advantage of the process: the preheating of the gaseous mixture in heat exchangers outside 
the reactor is no longer necessary. 
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As the process is catalytic the efficiency of removing the toluene is dependent on several 
parameters such as: temperature, residence time and the initial concentration of toluene. When these 
parameters are chosen correctly a highly efficient removal of toluene from air is possible (> 99%). 

 
Experimental limitations 
We were unable to observe the temperature of the catalyst inside the microwave reactor. For 

this reason proper conditions for the complete oxidation of VOC were not obtained. 
 
Objectives for future experiments 
Changing the gas analysis system. The CO and CO2 from gases will be determined by a gas 

analyzer and the VOC will be observed by GC analysis. Thus a clear image of all VOC transformation 
will be obtained. Using a special IR sensor to measure the temperature of the catalyst inside the 
microwave reactor. Thus the process of catalytic oxidation will be controlled better. 
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Abstract 

Optimization of Electron Beam Dry Scrubbing (EBDS) process conditions is the main focus of the 
project. The methods of mathematical modelling will be used for solution of this problem. In framework 
of the Project the new generalized mathematical model of the EBDS-process will be proposed. It will 
include the following sub-models: energy absorption of electron beam with active components 
generation, reactions in gas phase, aerosol formation and growth, liquid-phase chemistry, and main 
physical and chemical processes with PAHs and NPAHs molecules participation. The verification of the 
model will be fulfilled on the basis of comparison of numerical calculations with available experimental 
data. For the first year of the work it is planning to consider those PAHs and NPAHs that are on the 
whole in gas phase (PAHs with number of rings less then five, nitrobenzene, etc.). The next year those 
PAHs and NPAHs will be considered which are associated with soot and ash particles. Modelling of 
radiation induced gas-surface reactions will be performed using “Method of Molecular Dynamics”. 
Detailed numerical calculations will be performed for various process conditions. The results of EBDS-
process optimization will be used for preparation of the recommendations for practical applications. 

1. OBJECTIVE OF THE RESEARCH 

 
The industrial and power plants emit in the atmosphere with flue gases various toxic trace 

impurities. Among them polycyclic aromatic hydrocarbons (PAHs) and nitropolycyclic aromatic 
hydrocarbons (NPAHs) are of central interest because some of them are carcinogenic and/or 
mutagenic. 

 
The electron-beam treatment of flue gases from industrial and power plants for the removal of 

sulfur and nitrogen oxides (EBDS-process) is the most intensely developed area of application of 
radiation technology to solve environmental problems. The mathematical modeling of this process 
makes it possible to evaluate the efficiency of this purification technology as applied to PAHs and 
NPAHs at the various process conditions (initial concentrations of main, minor and trace species, 
temperature, humidity, absorbed dose, etc.). The detailed numerical calculations are the base of 
process optimization that is hardly realized or impossible at the experimental study.  

 
The present level of using of organic fuels in various spheres of human activities causes 

considerable atmospheric air pollution by combustion products, which contain in addition to the main 
components (water vapor and carbon dioxide) a variety of other substances. Some of them, even 
though their concentrations in combustion products are relatively low, adversely affect on the 
biosphere and bring considerable material damage.    

 

2. CURRENT SITUATION OF ATMOSPHERIC AIR POLLUTION IN RUSSIA 

 
The pollution of atmospheric air in the Russian Federation remains one of the basic factors of 

the environment, which has negative impact on man’s health. The majority of urban population lives 
in conditions when average annual levels of atmospheric pollution exceed sanitary standards. There is 
observed the most negative influence on atmospheric air from industry and motor transport. In Russia 
as a whole near 37% of urban population live on the territories that haven’t a pollution control, and 
near 60% one at high and vary high level of atmosphere pollution.  
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In 2003 year 20 millions of urban population lived in conditions when concentration of some 

pollutants in air within a year exceeded maximum permissible concentration (MPC) by a factor of 10. 
 
In spite of the fact that economic activity in Russia during ninetieths years of last century was 

greatly decreased, the ecological situation on its separate territories continued to be near to critical. 
Since 2000 year, when economical growth was achieved, it is observed further growth of annual 
pollutants emission (on average by 2%). This situation remains during four last years. Fig.1 illustrates 
dynamics of the pollutant emission from stationary sources (industry) in Russian Federation for last 
nine years period. Fig.2 gives the corresponding dynamics for mobile sources (transport). Data are 
taken from the Annual State Report of the Ministry of Natural Resources of the Russian Federation in 
2003 year [1]. 
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FIG. 1. Dynamics of the pollutant emission from stationary sources (industry) in Russian Federation for 
last nine years period. 
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FIG. 2. Dynamics of the pollutant emission from for mobile sources (transport). 
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The generalized data relating to dynamics of industry branches emission into atmospheric air in 

Russian Federation during last four years are given in Table I. As can be seen from this Table, Electric 
Power Engineering, Non-Ferrous and Ferrous Metallurgy, and Oil Producing are those branches of 
industry that give the most pollution of atmospheric air. Role of the last increase, and at present time 
this branch of industry reaches the first place among others. Table II gives characteristics of the 
pollutants emission into the atmosphere; namely, main components of pollutants including solid, 
liquid and gaseous matter as well as percents of captured and neutralized ones. 

TABLE I. DYNAMICS OF INDUSTRY BRANCHES EMISSION INTO THE ATMOSPHERE  

 2000 yr 2001yr 2002 yr 2003 yr 
Industry, total (thousands tons) 15221.8 15491.6 15842.0 15874.7 
Power engineering 3857.3 3655.8 3352.7 3446.6 
Non-ferrous metallurgy 3476.9 3405.0 3297.5 3261.7 
Oil-producing 1619.0 2119.7 3113.4 3227.2 
Ferrous metallurgy 2396.0 2268.3 2223.4 2178.2 
Coal industry 604.3 786.4 819.5 763.9 
Oil-processing 735.9 679.2 620.8 593.8 
Gas industry 501.0 475.8 536.9 591.2 
Building materials 440.7 455.0 434.0 448.0 
Chemical industry 427.4. 437.4 428.0 403.3 
Mechanical engineering 433.2 432.7 370.1 356.0 
Wood and paper working 378.9 371.7 332.2 308.7 
Food industry 181.8 168.4 162.9 155.1 
Light industry 45.4 43.6 41.2 33.9 
Others 124 192.6 109.4 107.1 
 

TABLE II. CHARACTERISTICS OF THE POLLUTANTS EMISSION INTO THE 
ATMOSPHERE  

 2000 yr 2001 yr 2002 yr 2003 yr 
Emitted, total (thousands tons) 18819.8 19123.6 19481.2 19829.4 
Solid matter 2972.2 2973.2 2882.8 2868.0 
Liquid and gaseous matter 15847.6 16150.4 16598.4 16961.4 
        including:  SO2 5407.1 5254.0 4987.4 4959.6 
                          CO 4997.9 5148.1 5857.5 5929.4 
                          NOx 1698.4 1678.9 1646.2 1661.8 
                          CnHm 2685.4 2723.6 2733.2 2834.1 
                          VOCs 850.4 1130.8 1164.8 1356.5 
Captured and neutralized, % 77.9 76.2 74.5 74.4 
Solid matter 95.4 94.9 94.7 94.8 
Liquid and gaseous matter 25.6 25.1 23.8 23.8 
        including:  SO2 18.3 18.5 18.6 19.0 
                          CO 31.3 30.9 28.0 28.5 
                          NOx 7.5 6.7 10.4 10.3 
                          CnHm 11.1 10.6 11.6 12.8 
                          VOCs 37.0 26.9 24.3 20.0 
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For the purpose of lowering the negative influence on environment, the industry enterprises use 

various arrangements for environment protection. For example, in Electric Power Engineering, the 
industry branch that gives one of the main pollutants emission, the following methods of pollutants 
decrease in flue gases are used [2]: 

 
NOx 

 recirculation of flue gases in combustion zone; 
 stage combustion of fuel; 
 special kinds on burners; 
 cooling of combustion zone using additional heating surfaces; 
 water injection in combustion zone. 

 
SO2 

 capture by alkaline components of ash (Power Plant “Beriozovskaya”); 
 injection of lime suspension (Power Plant “Dorogobushskaya”). 

 
Ash 

 electro-filters (ash up to 50 g/m3, efficiency 92 – 98 %); 
 sheaf cyclones (ash up to 100 g/m3, efficiency 93 – 95 %); 
 wet catch (ash up to 200 g/m3, efficiency 93 – 98 %). 

 
The applied technologies give appropriate levels of pollutants concentrations in flue gases that 

satisfy the adopted Limited Allowed Concentrations. The last ones are regulated by the corresponding 
State Standards (GOSTs). For example, in Electric Power Engineering concentrations of main 
pollutants in the flue gases of boilers must be in boundaries that are determined by GOST R 50831-95 
(Standards of pollutants emission in atmospheric air for boilers). The main values of these 
concentrations in dependence of fuel kind and boiler power Q are given below: 

 
NOx, mg/mN

3       SO2, mg/mN
3  

Fuel   < 2001   > 2001    Q, MW     < 2001  > 2001 
Gas   125   125    < 200          2700     1300  
Fuel oil   250   250   200-250        2700     1000 
Lignite   370   300    250-300        2700       700 
Bituminous 600   500    > 300         2500       700 
(1 ppm NO = 1.34 mg/mN

3)    (1 ppm SO2 = 2.93 mg/mN
3) 

 
Recently new technologies of flue gases cleaning are began to introduce on industry enterprises. 

The description some of them are given below: 
 
Joint-Stock Company “Redkinsky Catalyzed Plant” www.recatalys.ru: 
 

 Flue Gases Catalyzed Cleaning Plants (VOCs, CO, NOx). 
 Process applied: oxidized or reduced catalytic decomposition: 
 VOCs, CO → H2O + CO; NO, NO2   → N2. 
 Catalysts: on base of Pt, Pd, and Ph 

 
Application: “Rudgormash” (Voronezh), “Ural-potassium” (Berezniaky), “Sever-Steel” 

(Cherepovetz), Oil-Processing Plant (Ufa), “Plastic” (Syzran). 
 

 Joint-Stock Company “Sci. Investigat. Inst. Chem. Engng.” 
 Flue Gases Cleaning Plants (dust, F, H2S, VOC, CO, SO2, NOx, NH3). 
 Process applied: wet absorption. 
 Productivity: up to 200,000 m3/h. 
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The contribution of transport emission to atmospheric air pollution in Russia averages 40 – 45 

% of total and reaches 15.5 millions tons. In megalopolises this characteristic approaches to 90 %. The 
situation are intensified by the following negative factors that increase pollutants concentrations in air: 
absence of facilities for flue gases neutralizing, large percent of old and threadbare engines, poor 
quality of fuels, insufficient road-building, poor quality of pavement. 

 
Nevertheless, recently new concentration limits of pollutants in the exhaust gases of motor 

transport were accepted. In particular, State Standard GOST R 5203-2003 (put in force 2004-01-01) 
regulates concentrations of main pollutants for motor vehicles with petrol engines. It includes the 
following limitations in dependence on tape of vehicle and applied technology of gas cleaning: 

 
 vehicles without neutralizing:  CO ≤  2.0 - 3.5%, CnHm ≤ 600 – 1200 ppm; 
 vehicles with neutralizing:       CO ≤  0.6 - 1.0%, CnHm ≤ 300 -  600 ppm. 

 

3. EBDS-PROCESS MODELING 

 
The previous modeling investigations of the electron beam induced processes in gaseous 

streams were directed on the construction of kinetics models and computer codes as applied to 
description of NO and SO2 conversion under irradiation conditions. In this direction the detailed and 
reduced kinetic schemes of the processes in gas phase were proposed3,4,5,6,7. These schemes include 
such steps as energy absorption of electron beam with active species (atoms and radicals) generation, 
and gas phase chemical reactions leading to conversion of NO and SO2 into corresponding acids. 

 
Electron beam induced chemical processes in flue gases take place at the typical temperatures 

near 60 oC. At these temperatures the formation of aerosol droplets upon binary volume condensation 
of sulfuric and water vapors occurs. This process gives rise to dissolution of other gaseous species 
(SO2, OH, NH3, etc.) in droplets, and to liquid phase chain oxidation of SO2. Therefore, the further 
development of modeling study was connected with inclusion in consideration of liquid-phase 
processes7. 

 
The future modeling investigations of the electron beam induced processes in flue gases belong 

to creation of the kinetic models of chemical transformation of volatile organic compounds and, in 
particular, PAHs and NPAHs in reactions with active species. The presence of active components in a 
radiation-chemical zone and their reactions with aliphatic and aromatic hydrocarbons and nitrogen 
oxides, which are presented in combustion products, can result in an opposite effect: the formation of 
PAHs and NPAHs in considerable amounts. Under certain process conditions, the concentrations of 
these substances can exceed their initial concentrations. Mathematical models, which describe 
processes of these compounds transformation in irradiation conditions, are absent at present. 

 

4. MATHEMATICAL MODEL OF ELECTRON BEAM DRY SCRUBBING PROCESS 

 
The electron beam dry scrubbing process has been proposed as the most effective method for 

the simultaneous removal of various unhealthy admixtures from industrial flue gases. It is based on the 
conversion of the main pollution species, NO and SO2, into corresponding acids. The acids are 
converted into salts by the addition of neutralizing species (e.g. ammonia), and removed from the flue 
gases by dry electrostatic precipitators. The fundamental physical and chemical processes induced by 
electron beam irradiation include: 

 
 The formation of active species (atoms and radicals) by the action of radiation on gas 

macro-components (N2, O2, CO2, and H2O). 
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 The gas phase oxidation of SO2 and NO in the chemical reactions with active species 
yielding sulfuric and nitric acids, respectively. 

 The formation of the aerosol droplets upon the binary volume condensation of the 
sulfuric acid and water vapors (EBDS process the most effectively occurs at the 
temperatures of about 70 oC). 

 The heterogeneous oxidation of SO2 in the aerosol droplets. 
 Reactions of trace impurities 
 Thermal SO2-NH3 interaction.The acids conversion into solid salts. 
 The dry electrostatic precipitation of solid salts. 

The presence of PAHs and NPAHs in the radiation zone has negligible influence on the kinetics 
of SO2 and NO oxidation since the mole fraction of these species is small (≤ 10 ppm). Therefore, the 
previously developed kinetic model7 for the electron beam treatment of SO2 and NO in flue gases will 
be used to examine the behavior of PAHs and NPAHs in EBDS process.  

4.1. Gas-phase processes  

 
The reactions of active species formation in this model are schematically wrote by the equation: 

GiiAi → ∑ GijAj, where Gij is the primary radiation yield, the number of particles Aj, generated from 
pure species Ai per each 100 eV of absorbed energy. The numerical values of Aij were adopted in 
accordance with published data8:  

 
5.32 N2 →2.27 N2

+ + 0.69 N+ + 2.96 e  + 3.05 N + 2.36 N(2D), 
 
5.30 O2 →2.07 O2

+  + 1.23 O+ + 3.30 e  + 2.80 O + 2.43 O(2D), 
 
5.86 H2O →1.99 H2O+ + 1.99 e    + 0.29 O + 4.16 H + 3.58 OH, 
 
7.47 CO2 →2.24 CO2

+ + 0.21 O+  + 2.45 e  + 5.02 O + 5.23 CO. 
 
The kinetic scheme of the gas-phase chemical reactions in the considering model was received 

with use of optimization procedure which gives minimum sets of the gas species and elementary 
chemical processes when appropriate goal function and sensitivity level are established. The received 
optimal kinetic mechanism consists of 34 chemical reactions and 31 gas species. The main reaction 
sequences of SO2 and NO oxidation in this mechanism can be written as: 

 
H2O            H2O 

(N2
+, O2

+, CO2
+) ⎯→ H2O+ ⎯→ H3O+ + OH, 

e           NO2                 H3O+ 
O2 ⎯→ O2

- ⎯→ NO2
-  ⎯→ NO2 + H + H2O, 

OH              O2           H2O 
SO2 ⎯→ HSO3 ⎯→ SO3 ⎯→ H2SO4, 

OH               OH          OH 
NO  ⎯→ HNO2  ⎯→NO2 ⎯→ HNO3, 

OH           NO2 
NH3 ⎯→ NH2 ⎯→ N2O. 
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FIG. 3. The experimental and calculated dependencies of SO2, NO, and other nitrous compounds on 
dose in mixture of 12.0% O2, 8.0% H2O, 250 ppm SO2, 250 ppm NO, 1500 ppm NH3 in N2 at 

temperature T = 120oC. 

As can be seen from these reaction sequences, OH radicals that are generated in the flue gases 
by the action of electron beam irradiation play an important role in the radiation-induced oxidation of 
SO2 and NO. Figure 3 demonstrates the computer modeling results received with using of this group 
of chemical reactions, and their comparison with the experimental data [9,10] for dose dependent 
transformation of SO2, NO, and other nitrous compounds.  

4.2. Liquid-phase processes 

 
At the typical temperatures of the EBDS-process (60-80°C), there are realized the conditions for 

bulk binary condensation of water vapor and sulfuric acid one. This leads to spontaneous aerosol 
droplets formation and to vapors condensation on the existing ash particles11. As the concentration of 
sulfuric acid in the gas is much lower than that of water vapor and Henry’s Law constant for H2SO4 is 
very high, it may be assumed that the whole amount of sulfuric acid formed transfers into solution and 
a change in the partial vapor pressure of water can be neglected. In this case, the mass concentration of 
the acid in droplets is a function of the temperature and partial pressure of the water vapor: y = y(T, 
pH2O). The liquid phase formation is accompanied with dissolution of other gaseous species, such as 
SO2, NH3 etc. in droplets. As the estimations show, this process is sufficiently fast, and one can 
assume the existence of quasi equilibrium among gas and liquid for these species. The set of 
equilibrium chemical reactions used in calculations is the following: 

 
SO2(g) + H2O = SO2⋅H2O,        SO2⋅H2O = HSO3

- + H+,         HSO3
- = SO3

2- + H+, 
 
NH3(g) + H2O = NH3⋅H2O,       NH3⋅H2O = NH4

+ + OH, 
 
OH(g) = OH(aq),                      NO3(g) = NO3(aq) 
 
Data on the equilibrium constants for SO2, NH3, OH, and NO3 were taken from Pandis and 

Seinfeld (1989) [12]. Ion concentrations in the liquid phase must satisfy to electroneutrality equation: 
 
[H+] + [NH4

+] = [OH-] + [HSO3
-] + 2 [SO3

2-] + [HSO4
-] + 2 [SO4

2-], 
 
where [Ai] is the concentration of the species Ai in solution (mole/l). Substitution of equilibrium 

correlations in this equation leads to nonlinear algebraical equation for pH determination. 
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The liquid phase SO2 oxidation is considered to be an important chemical process of sulfuric 

acid formation in the atmosphere [12]. This one also plays a significant role in EBDS process when 
heterogeneous aerosol formation proceeds [11]. A central place in the liquid phase SO2 oxidation 
keeps the hydroxyl radical OH, which is generated under irradiation conditions. The reaction of this 
radical with dissolved SO2 initiates a chain liquid phase oxidation of SO2 in droplets [13]. The 
accepted kinetic scheme of the liquid phase reactions was developed on the base of available kinetic 
schemes [12, 14], and is shown in Fig.4. The changes of the species mole-mass concentrations, ci 
(mole/g), in the considering case are described by kinetic equation: 

 
dci/dt = ρ-1Σj kgj νij Πk (ρcgk)νkj + L Σj kaj νij Πk (cak/L)νkj, 
 
L = (μH2SO4/ρH2O) cH2SO4 (1 – y)/y, 
 
where ρ is the gas density, kj is the rate constant of reaction j in system, νij is the stoichiometric 

coefficient for species j participated in reaction i (positive for reaction products and negative for 
reagents), L is the liquid content in system (l/g), μi – molecular weight of the species i. Indexes g and a 
denote gas phase and liquid phase quantities, respectively. It is necessary to note that ci is the 
concentration of species aggregate consisted of one gas phase and several liquid phase components 
that are connected with each other by the use of equilibrium conditions. 

 

HSO3- —› SO5- ——› SO5- + HSO5- ——› 2 SO42-
OH HSO3

- HSO3
-

SO4
2-       SO4

- ——› SO5
- + SO4

2- 
HSO3

-

 

FIG. 4. Kinetic scheme of chain liquid phase oxidation of SO2 in droplets formed due to bulk binary 
condensation of water and sulfuric acid vapors in irradiated flue gases. 

Figure 5 demonstrates the calculation results for SO2 removal including gas phase and liquid 
phase reactions, and its comparison with experimental data [11]. The calculations are carried out at the 
constant dose rate, I = 100 kGy⋅s-1. As one can see from Fig.5, it is observed a good agreement of 
calculated and measured results at low temperatures (below 80oC) when liquid phase chemistry is 
dominant. 
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FIG. 5. The experimental and calculated sulphate concentration: O2 = 8.0%, H2O = 16.0%, SO2 = 500 
ppm, NO = 300 ppm, NH3 = 1500 ppm in N2. 
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4.3. Thermal NH3-SO2 reaction 

 
Simultaneously with relatively fast gas and liquid phase chemical reactions there is more slow 

direct interaction of gaseous ammonia and sulfur dioxide in the absence of electron beam irradiation – 
“thermal” NH3-SO2 reaction [9]. This reaction leads to additional reduction of SO2 concentration. The 
kinetic mechanism of this process is not studied completely. As it has been shown in the experimental 
study [15] at room temperatures the reaction has first order with respect to both SO2 and NH3, and is 
irreversible. The following kinetic scheme of the process has been proposed: 

 
NH3(g) + SO2(g) → NH3⋅SO2(g), 
 
NH3⋅SO2(g) + NH3(g) → (NH3)2⋅SO2(s), 
 
(NH3)2⋅SO2(s) + 1/2O2(g) → NH4⋅SO3⋅NH2(s), 
NH4⋅SO3⋅NH2(s) + H2O(g) → (NH4)2⋅SO4. 
 
The first reaction is the limiting stage of the process with the rate constant kt = 4.55 × 10 

exp(9000/T) cm3/s [29], which was restored from experimental investigation [16] of the thermal SO2 
transformation at various temperatures. 

 

5. KINETIC MODELS OF PAHS AND NPAHS BEHAVIOR 

 
The central role in Contract realization plays the mathematical model of PAHs and NPAHs 

behavior due to action of the radiation. This new model will be based on the existing model of EBDS-
process, which has been developed by the authors of the Project (see above). For the first year of work 
it is planning to consider those PAHs and NPAHs, which are on the whole in gas phase (PAHs with 
number of rings less then five, nitrobenzene, etc.). The following new aspects will be considered in the 
model: 

 
a). Construction of the kinetic schemes of physical and chemical processes with PAHs and 

NPAHs destruction. The gas phase chemical reactions of PAHs and NPAHs molecules with active 
components as well as corresponding processes with participation of the condensed PAHs and NPAHs 
molecules (those molecules which are associated with soot and ash particles in the flue gases) will be 
included.  

 
b). Construction of kinetic schemes of PAHs and NPAHs molecules formation in the radiation 

chemical zone from aliphatic and aromatic hydrocarbons and nitrogen oxides under the action of 
active components. As it was shown earlier by the authors of the Project applied to dioxins, this 
reaction channel can significantly decrease the removal efficiency of aromatic compounds in the 
EBDS-process. 

 
c). Taking into account the liquid-phase conversion of PAHs and NPAHs in the aerosol droplets 

formed in the EBDS-process upon the binary volume condensation of sulfuric acid and water vapors. 
This reaction channel arises due to readily solubility of some considered chemicals in liquid phase. 

 
d). Development of physical model of PAHs and NPAHs molecules destruction owing to its 

direct interaction with fast electrons. This process was not considered earlier anywhere, but it may also 
has effect on the PAHs and NPAHs destruction. 
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5.1. Behavior of PAHs molecules under irradiation   

 
The OH radicals play a dominant initiating role in PAHs and NPAHs molecules destruction. 

The interaction of OH with aromatic molecules is characterized by the reaction rate constant kOH as a 
non- monotonic function of temperature [17]. It is seen from Fig.6 where values of kOH for benzene at 
temperatures T = 250-1250 K are shown. Two temperature ranges can be distinguished, which differ 
in reaction pathways and, correspondingly, the behavior of kOH = kOH(T) curves. 
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FIG. 6. Arrehenius plot of rate constant for reaction of OH radicals with benzene [17]. 
At low temperatures (about 350 K or lower), the interaction of the OH radical with the aromatic 

molecule Ai, containing i aromatic rings, can be represented as the reaction sequence of OH radical 
addition to Ai, the formation of a bicyclic radical, and the subsequent decomposition of the aromatic 
ring in the interaction of the bicyclic radical with molecular oxygen and nitrogen oxide [18]: 

 

⎯→ ⎯→ ⎯→

O
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OH + O2
OH
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The conversion of Ai molecules occurs in direction of decrease in the number of aromatic rings. 

The rate of this process is practically independent of temperature and governed by the rate of first step 
with rate constant kOH, which depends on the type of compound. 



 
 

134 
 

 
At high temperatures (T > 400 K), the reaction of aromatic molecule with OH radical leads to 

hydrogen abstraction from Ai and the formation of an Ai• radical followed by the Ai• transformation 
in reaction sequence of polymerization type19: 

 
 

OH, H        C2H2                 C2H2 
→ Ai ⎯→ Ai • ⎯→ AiC2H2• ⎯→Ai+ 1 →.  

↓ O            ↓ O2             ↓ O 
Ai-1            Ai-1               Ai 

 
On the one hand, this reaction sequence is a simplified kinetic mechanism of PAHs formation. 

On the other hand, it adequately represents the main steps in the formation of the aromatic rings: 
hydrogen abstraction in the interaction of the aromatic molecule with hydrogen atoms and OH 
radicals, and the subsequent addition of C2H2. The decomposition of the aromatic molecules occurs by 
their interaction with O atoms and O2 molecules. The formation of a first aromatic ring is primarily 
connected with the formation of the divinyl radical n-C4H5 followed by its cyclization into benzene in 
the reaction with acetylene [20]: 

 
OH          C2H2               C2H2 

C2H4 → C2H3 ⎯→ n-C4H5 ⎯→ C6H6 . 
 
Aliphatic (C2H4 and C2H2) and aromatic hydrocarbon molecules are the source materials for the 

formation and subsequent growth of the aromatic structure of PAHs in the EBDS process. Under 
conditions favorable for incomplete fuel combustion in the combustion chamber, the residual 
concentrations of these hydrocarbons in combustion products are high. 

 

5.2. Formation of organic nitrates and nitro-aromatic compounds 

 
The OH radicals are also the main active component that initiates the reaction sequences leaded 

to formation of nitrated organic compounds. For example, this sequence for alkanes is written as [20]: 
 

ONIT 
OH          O2      ↑ NO                   O2 

RH ⎯→ R• ⎯→ RO2• ⎯→ RO• ⎯→ ALD + HO2, 
 ↓  HO2 
ROOH 

 
where R• = CnH2n+1, ALD = Cn-1H2n-1CHO (n = 2,3,...). Aldehydes (ALD) and organic nitrates 

(ONIT) are the main products of reaction. Hydroperoxyde ROOH is a by-product of reaction from 
standpoint of subsequent peroxyacetyl nitrates (PAN) formation. The latter is generated in the 
sequence of transformations [21]: 

 
OH                   O2                         NO2 

ALD ⎯→ R'CO•  ⎯→ R'C(O)O2• ⎯→ PAN, 
NO      HO2 

  R'O2•          R'C(O)O2H 
where R'• = Cn-1H2n-1. 
 
As we see above, the interaction of the OH radical with the aromatic molecule Ai at low 

temperatures leads to formation of aromatic radical Ai-OH•. The subsequent decomposition of 
aromatic ring under interaction of Ai-OH• with molecular oxygen is in competition with formation of 
nitro-aromatic molecules. The appropriate reaction sequence can be schematically represented as [22]: 
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OH                      O2, NO 

PAH ⎯→ PAH-OH• ⎯⎯→ 2RO2• + products 
NO2 ↓ 

OH                         O2, NO 
NPAH ⎯→ NPAH-OH• ⎯⎯→ products 

NO2 ↓ 
OH 

2-NPAH ⎯→ 
 
where 2-NPAH are dinitro compounds of aromatic series. This sequence describes main 

pathway of aromatic nitro compounds formation. There are some additional kinetic schemes, for 
example: 

 
O2                     NO3                 NO2 

C6H6OH• ⎯→ C6H5OH ⎯→ C6H5O• ⎯→ nitrophenol 
 

OH, O2                           NO                         NO2 
C6H5CH3 ⎯⎯→ C6H5CH2O2• ⎯→ C6H5CH2O• ⎯→ C6H5CH2ONO2. 

 
Rate constants of first stages such additional schemes (interaction of aromatic molecule with 

radical OH) as a rule are much less than value kOH for reaction PAH + OH → products. Therefore, 
influence of the processes that are described by given schemes is insignificant, and they may be 
missed at estimation of total concentration of NPAHs. 

 

5.3. Liquid phase aromatics destruction in aerosol droplets 
Some PAHs and NPAHs are readily soluble in the liquid phase, thus resulting in the appearance 

of the liquid-phase channel for the decomposition of these compounds under conditions of EBDS-
process. The OH and NO3 radicals that are formed in the gas phase via radiation chemical reactions 
and then dissolved in aerosol droplets play a principal role in aqueous organics oxidation [23]. By 
analogy with the liquid-phase oxidation of chlorinated aromatic compounds [24], the kinetic scheme 
of PAHs decomposition can be represented as OH radical addition to PAH molecule followed by the 
decay of formed adduct under its interaction with molecular oxygen, as follows: 
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The rate constant for the first, rate-determining step of the considering process is approximately 

equal [25] to ≈1010 l⋅ mol-1⋅s-1. The rate constant of the PAHs reaction with NO3 radicals may be taken 
approximately two orders of magnitude smaller than the above one [26]. The Henry’s Law constants K 
for various PAHs may be taken from literature data [27].  

 

5.4. Direct interaction of PAHs and NPAHs with fast electrons 
The major difficulty in description of PAHs behavior under irradiation conditions appears to be 

the representation of direct fast electron-molecule reaction kinetics. The rates of these reactions, in 
principle, must depend on the concentration of electrons as well as their energy distribution. For 
simplicity, assuming that the Maxwellian distribution with temperature Te can be used to represent 
electron velocities, the rate constant ke for electron impact reactions can be expressed as [28]: 

 

ke = (kTe)-1(πmekTe/8)-1/2 ∫
∞

0E
Eσ(E) exp(-E/kTe) dE. 

 
The collision cross section σ(E) for reaction can be represented as: 
 
σ(E) = 0                          for E < E0 
 
σ(E) = πd2 (1 – E0/E)      for E ≥ E0 
 
where d – cross section parameter, E0 - threshold energy for reaction. In this case the expression 

for rate constant ke for electron impact reactions becomes as: 
 
ke = πd2 (8 kTe/πme)1/2 exp(-E0/kTe)  
 
Using this expression for rate constant ke, the estimation of direct electron impact processes 

contribution to the total process of PAHs and NPAHs destruction under electron beam conditions will 
be proposed. 

 

6. FUTURE INVESTIGATIONS 

 
The next year it is planning to consider those PAHs and NPAHs, which are associated with soot 

and ash particles. 
 PAHs with number of rings more then five, polychlorinated dioxins with number of 

substituted H atoms more than four 
 Modeling of radiation induced gas-surface reactions will be performed using “Method of 

Molecular Dynamics”. Method was realized earlier by one of the authors as applied to 
conditions of gas flow behind the strong shock waves [29].  

 
The following aspects of the problem connected with electron beam treatment of PAHs and 

NPAHs will be investigated: 
 

 quasi-classical trajectory study of gas-surface chemical reactions 
 application to heterogeneous de novo formation of PCDD 
 consideration of gas-phase precursors mechanism of PCDD formation 
 revision of previous PCDD destruction calculations in the light of new kinetic data 
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Perspectives of investigations in the following years will be concerned the following aspects of 

the problem: 
 expansion of existing mathematical model of EBDS process on the case of big VOCs 

concentrations 
 construction of the kinetic models with participation of various VOCs classes 

6.1. Quasi-classical trajectory study of the gas-surface chemical reactions 

 
At present the most of the numerical calculations of the reaction rate constants have been 

conducted in the framework of the quasiclassical trajectory (QCT) method. The attractive property of 
the QCT method consists in a visual picture of the reaction course. There are many reaction 
characteristics which can be determined from the QCT calculations – reaction cross-sections, angle 
distribution of the reaction products, one-temperature )(Tk , two-temperature ),( vTTk  or level 

)(Tkv  reaction rate constants in the case of high-temperatures reactions, where v – vibrational level 
of the reagent molecule, T  and vT  – translational and vibrational temperatures correspondingly. 

 
For simulation of elementary chemical reactions - dissociation, exchange reaction, process of 

vibrational relaxation for three-atomic and four-atomic systems in the gas phase by QCT method, the 
software complex “MD Trajectory” was created [29]. The QCT calculations require the reliable data 
of the potential energy surface (PES) for investigated system. There are two principal approaches for 
PES determination: semiempirical models and ab-initio calculations (by quantum mechanics 
methods). The ab-initio calculations permit to obtain the very reliable PES data only for separate 
points of the configuration space. These data have to be approximated by various analytical functions. 
The data base of the PES models including both semiempirical models and ones based on the ab-initio 
calculations was created and incorporated into the “MD Trajectory” software complex. 

 
Within the framework of adiabatic approach, the interaction of diatomic molecule BC with atom 

A is reduced to nuclear movement on PES representing function of three internuclear distances, for 
two diatomic molecules collision AB with CD we have to use more complicated PES. In mathematical 
sense, the problem consists in the solution of the classical motion equations at the various initial 
conditions simulated the real collisions. On the Fig.7 the collision schemes are represented for both 
cases. 

 
For A-BC case, the initial state of the system is completely determined by definition of the nine 

parameters. A z-component of the distance 0
maxR between atom A and center of mass of BC molecule 

is fixed and is taken as large as the initial interaction between atom and molecule can be neglected. 
The remaining eight parameters are modified. It is impact parameter ],0[ maxbb∈ ; angles 

],0[ π∈ΘBC and ]2,0[ πϕ ∈BC , which define space orientation of BC molecule; ]2,0[ πξ ∈BC – 
initial vibration phase of BC molecule; angle ]2,0[ πη ∈BC  –determining orientation of BC molecule 
angular momentum; BCv  and BCj – vibrational and rotational quantum numbers of BC molecule 

correspondingly; tE – relative translational energy. For AB-CD collision case we have to change 
index BC to AB and also to add six similar parameters for CD molecule: 

CDCDCDCDCDCD jv ,,,,, ηξϕΘ . 
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FIG. 7. Collision schemes for atom-diatomic molecule and diatomic-diatomic molecule. 

The primary result of the trajectory calculations is the reaction cross-section, which is 
represented in the form of multi-dimensional integral as the result of averaging the reaction probability 
over all particles orientations in space. For A-BC case the cross-section is: 

 
Where ),,( jvEP t is the reaction probability at the fixed parameters and equals 1 in the reaction 

case and 0 otherwise. For four-atomic system the integral dimension equals nine. The Monte-Carlo 
technique was used for calculation of the multidimensional integral: 

where Nr – the number of reactive trajectories, and N – the total number of trajectories. 
 
The level reaction rate constant can be obtained by averaging the reaction cross section over the 

Maxwellian translational energy distribution at the given temperature: 

 
where k – Boltzmann constant. The two-temperature rate constant can be obtained by averaging 
)(Tk jv  on the assumption of validity of Boltzman distribution over internal energy states and equality 

of translational and rotational temperatures: 
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where jg takes into account the nuclear spin degeneracy, vQ and rQ are the vibrational and 

rotational partition functions; vE and jE – vibrational and rotational energies of the corresponding 
states v, j. 

 
The “MD Trajectory” software complex was written in accordance with C++ standard in the 

object oriented style. The QCT calculations require a lot of computational resources. The parallel 
version of “MD Trajectory” was created on the bases of MPI (Message Passing Interface) technology 
for more efficient utilization of the modern supercomputer systems. Special attention was focused on 
the program optimization for different types of multiprocessor systems: clusters, MPP systems and 
SMP supercomputers with shared memory. Thus, software complex “MD Trajectory” is rather 
powerful tool for investigation of chemical reaction by QCT method especially for conditions hardly 
realized in experiment. 

 
Extensive numerical investigations of the exchange reactions for C-O-N atomic system were 

conducted on the high performance supercomputer cluster of the Russian Academy of Sciences, which 
has 768 CPUs Alpha 21264A/667 MHz. One of the results of such calculations – comparison between 
QCT one-temperature rate constant and experimental one is demonstrated on the Fig.8. 
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FIG. 8. Comparison of the QCT calculation results for one-temperature rate constant with experimental 
data and AVOGADRO  data base recommendation for OCNNCO +→+ . 

Software complex “MD Trajectory” is opened for further extension. In the framework of the 
Project the gas-surface functionality will be added. The main objective of the gas-surface 
investigations will be the determination of the detailed mechanism of the active species interaction 
with condensed PAH structures (Fig.9). 
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FIG. 9. Two mechanisms of the gas-surface recombination – Eley-Rideal and Lengmuir-Hinshelwood. 

 
For these purposes the semi-classical Molecular Dynamics (MD) method will be realized. It is 

extensively described by Billing in his book30. In this approach the dynamics of the gas-phase particles 
is described classically, but the lattice phonons are quantized. The simulation of the dynamics in this 
approach is broken on three steps: 

 
 building of the three-dimensional crystal lattice and calculation of the phonon frequencies; 
 construction of the interaction potential for the gas-phase particles with surface; 
 solving self-consistently the Hamiltonian equations of motion of the gas-phase atoms and 

the dynamics of the phonons by computing the phonon excitation strengths at each time 
step of the classical trajectory. 

 
Results of these calculations will be applied to construction of the kinetic mechanism of the 

heterogeneous oxidation of residual carbon Cs and PCDD/F formation at high temperatures 
(mechanism de novo). It includes the steps of active sites generation on the surface of fly ash particles 
containing the residual carbon, adsorption and desorption of reactants and products with the formation 
of intermediate compounds.  
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Abstract 

The hydrophobic nature of polychlorinated biphenyl congeners (PCBs) leads to their eventual 
accumulation in aquatic sediment. Many U.S. waterways have serious problems related to pollution. In 1998 it 
was estimated that up to 7% of U.S. watersheds have polluted sediments to the extent where the potential for 
adverse effects is considered high. Congress has recently passed contaminated sediment cleanup bills: H.R. 1070 
includes authorizations for EPA to carry out projects to remediate sediment contamination in Areas of Concern 
in the Great Lakes and Lake Champlain using innovative approaches, technologies and techniques. These 
appropriations are the result of the current awareness that sediment contamination may adversely impact the 
health of aquatic species and ultimately affect the overall vitality of an ecosystem's food chain.  high-profile 
example of a system with severe sediment contamination associated with PCBs is the Hudson River and the 
surrounding watershed including the New York/New Jersey Harbor Estuary. The concentrations of PCBs in 
sediment collected over the course of 1976 to 2001from the Upper Hudson River range from undetected to 4,747 
ppm and in the lower Hudson River range from undetected to more than 1,700 ppm. Yet, EPA has established a 
cleanup level of 1 ppm or less for PCB-contaminated sediment at several sites across the U.S, for example, the 
Housatonic River in Massachusetts. These levels were derived to protect organisms residing within the sediment 
and also those species that may eat sediment-based prey. 

 

1. BACKGROUND 

 
Dredging is often considered a viable cleanup method for PCB-laden sediment. For example, 

the proposed cleanup plan for a 40-mile stretch of the upper Hudson River is to dredge 2.65 million 
cubic yards of sediment in order to remove an estimated 150,000 pounds of PCBs. However, this 
material has to be treated or buried somewhere, so this process simply transfers the problem. 

 
An alternative to dredging is sediment washing with organic solvents or surfactant solutions, 

although the effluent resulting from the wash processes may have to be treated or disposed of as 
hazardous (i.e., PCB contaminated) waste following sediment cleanup. Microwave-generated steam 
technology has shown promise as an effective technique for the treatment of sediment-associated 
PCBs, although the process principles and performance are not yet well understood and are still being 
optimized.  The use of palladized-iron in soil extracts has proven step-wise dechlorination of PCBs, 
although there is a reduction in reaction rate with time during this process. Bioremediation is also a 
promising technique for the removal of PCBs from sediment, although the process is limited since 
sediment-associated PCBs are often not readily available for consumption by the microorganisms. 

 
Incineration is the most commonly used treatment process for PCB laden soil, sediment and 

electrical insulating oils contaminated at levels greater than 500 ppm. In 1994 incineration was 
selected by U.S.EPA to be used at 90% of Superfund sites where PCB destruction was required. 
However, the use of incineration has become increasingly contentious as a result of the public’s 
concern that incinerators may emit hazardous substances. This concern is especially acute for 
incineration of PCB contaminated material where products of incomplete combustion are known to 
include dioxins and dibenzofurans. In addition, lead, a metal commonly found in areas with PCB 
contamination, volatilizes at most incinerator operating temperatures. The high cost and poor public 
approval of incineration have created a need for alternative treatment technologies for sites 
contaminated with dioxins and PCBs.  
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U.S.EPA issued guidance in 1991 urging the consideration of innovative technologies at all 

Superfund sites, even when the cost and performance of the technologies were uncertain. Amendments 
to regulatory standards for PCBs were proposed by U.S.EPA in 1994 for the purpose of encouraging 
these innovative remediation procedures. Further, a 1995 report from the Office of Technology 
Assessment (OTA) concluded that U.S.EPA should reevaluate some of its previous decisions on 
cleanup technologies and consider new processes (OTA, 1995). In addition to using incineration to 
destroy PCBs there are other techniques either being tested or currently applied, such as, base-
catalyzed destruction (BCD), reductive dechlorination by anaerobic bacteria, the Biotox Process, 
electrochemical methods, thermal desorption/dehalogenation, sequential anaerobic-aerobic reactions, 
photocatalytic remediation, potential solar applications, supercritical fluid extraction (SFE), 
supercritical water oxidation (SCWO), and electrokinetic technology. None of these have proven to be 
completely satisfactory, however.  

 

2. RADIATION-INDUCED DECHLORINATION OF PCB 

 
Ionizing radiation is remarkably effective in dechlorinating environmental contaminants such as 

polychlorinated biphenyls (PCBs). Transformation occurs primarily through indirect effects, meaning 
the deposition of energy is not directed toward individual PCB molecules. Electrons do not produce 
their maximum effect at the surface of the irradiated material rather incident electrons eject orbital 
electrons that produce ionizing radiation in the absorbing material, i.e., the matrix. The matrix 
ultimately generates reactive, mobile species that initiate the degradation reaction pathways. We have 
been studying the kinetics of PCB dechlorination pathways in various media by pulse radiolysis as 
part of a broader program focused on advancing the use of radiation technologies for the treatment of 
materials contaminated with chlorinated compounds. Our studies have shown that the oxidizing 
powers of ionizing radiation are of little value in the remediation of PCBs, rather the reductive 
reactions are extremely effective. For example, in aqueous media, where PCB congeners may be 
solubilized, the primary species formed are radicals, aqueous electrons, and stable compounds [1]: 

 
H2O   •OH, H•, eaq

-, H3O+, H2O2, H2    (1) 
 
While the hydroxyl radical (•OH) is a powerful oxidizing species that may react with PCBs via 

addition to the phenyl rings, this species will preferentially react with other matrix components such as 
hydrocarbons, organic solvents, or inorganic ions. This is particularly the case when PCBs are present 
at much lower concentrations relative to these other compounds. In contrast, the aqueous electron (eaq

-) 
is a strong reducing agent whose reactivity depends on the availability of a suitable vacant orbital and 
its reactivity is enhanced by electron withdrawing atoms, such as chlorine. It is preferentially captured 
by PCB molecules and as a result the carbon-chlorine bond breaks very rapidly: 

 
ArCl  +  eaq

-  →  Ari  +  Clq    (2) 
 
The reductive process (Eq. 2) tends to be the dominant pathway for PCB dechlorination via 

radiation treatment due to the more selective nature of eaq
-. Aqueous electrons also react very rapidly 

[2] with oxygen (eaq
- + O2 → O2

•-) and with the H3O+ formed by radiolysis (eaq
- + H3O+ → H• + OH–).  

These reactions will compete with the dechlorination process but are easily prevented by purging the 
system with nitrogen and by adding alkaline buffers. The addition of a buffer prevents the 
accumulation of H3O+ and also prevents the oxidation of Cl- ions which would produce atomic 
chlorine. The latter has the capability to add to phenyl compounds in the irradiated matrix. This would 
inherently produce PCBs in the material. 

 
Our main objective in the radiation-induced degradation of PCBs resides in increasing the 

efficiency of reducing methods. We have applied radiation processing to a number of matrices ranging 
from simple (water/alcohol) to complex (transformer oil, marine sediment) materials.  
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Effective dechlorination of PCBs in water/alcohol [3], aqueous micellar systems [4, 5], 
transformer oil [6, 7], and more recently, marine sediment [8] has been demonstrated. For example, 
the mechanisms of the radiolytic dechlorination of 2,6-dichlorobiphenyl as a model compound for 
PCBs under various conditions have been determined in aqueous methanol solutions.  

 
Electron beam and gamma-irradiation of 2,6-dichlorobiphenyl in aqueous methanol solutions 

lead to degradation of this compound and formation of Cl- ions though high doses were necessary. 
Solutions of 1 mmol L-1 2,6-dichlorobiphenyl required a dose of 30 kGy to produce 1 equiv of Cl- (G 
= 0.03 μmol J-1) to form the less chlorinated species monochlorobiphenyl and 600 kGy was required 
to achieve full dechlorination. This low yield is due to the formation of acid, which competes with 2,6-
dichlorobiphenyl for the aqueous electrons, the main reducing species in this system. However, the 
radiolytic yields are improved by the addition of carbonate; only 20 kGy are required for practical, 
quantitative dechlorination of 2,6-dichlorobiphenyl. As hypothesized above, the dechlorination of 2,6-
dichlorobiphenyl by •OH radicals, studied via investigations in N2O-saturated solutions, was found to 
be less effective than that due to reductive reactions [3]. 

 
PCBs in oil are a continuous environmental concern. Spills or leaks of PCB-laden oil, or 

airborne releases of PCBs that originate in oil, are potential sources of PCBs to environmental 
systems, including surface waters.  Degradation of PCBs in transformer oil by ionizing radiation is a 
viable treatment option.  For example, complete degradation of 2,2',6,6'-tetrachlorobiphenyl (PCB-54) 
in transformer oil was achieved by ionizing radiation without degradation of the oil [6]. Irradiation of 
transformer oil containing PCB-54 with a dose of 200 kGy results in complete (>99%) destruction of 
the PCB congener. Analysis of samples irradiated with various doses demonstrated gradual 
degradation of PCB-54 and successive formation and degradation of a trichloro-, dichloro-, and 
monochlorobiphenyl congener (Figure 1).  

 

 

FIG. 1. Decay of 2,2’,6,6’-tetrachlorobiphenyl (PCB 54) in transformer oil 

 
The final products are mainly biphenyl and inorganic chloride. The mechanism of reductive 

degradation was studied by pulse radiolysis. Briefly, solvated electrons formed by irradiation of the oil 
react either with the PCB to lead to dechlorination or with the aromatic hydrocarbons present in the oil 
to form radical anions. These species transfer an electron to chlorinated biphenyls relatively rapidly, 
leading to dechlorination.  The rate constants for several such reactions, determined in 2-propanol 
solutions, are in the range of 107-108 L mol-1 s-1. These rapid reactions explain why PCB can be 
dechlorinated in oil despite the presence of aromatic hydrocarbons in the oil and despite the formation 
of biphenyl as a radiolysis product that rapidly consumes solvated electrons. 
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Many of our radiolytic investigations have been conducted in the presence of organic solvents 

(i.e., alcohol as described above for water) and bases. These additives are needed to effectively 
solubilize the PCBs and to enhance the radiolytic processes via their ability to provide radiation-
produced radicals that contribute to the dechlorination pathways. 

 
For example, in used transformer oil with high concentrations of PCBs (> 800,000 µg/g) it was 

necessary to combine 2-propanol with triethylamine or KOH with the oil to obtain complete 
dechlorination through enhancement of the reduction processes [7]. 

 
Upon irradiation of the oil with equal volumes of triethylamine, only partial dechlorination was 

achieved even at high doses (up to 9000 kGy). Dechlorination ceased around 5500 kGy because the 
mixture solidified due to formation of solid triethylammonium chloride. Upon irradiation of the 
triethylamine, aqueous electrons are produced along with a triethylamine radical (Eq. 3) that leads to a 
carbon centered radical and a triethylammonium ion (Eq. 4). Upon the initial dechlorination of the 
PCBs (Eq. 5-6) the Clqeventually combines with the triethylammonium ion formed in Eq. 4 leading 
to the formation of solid triethylammonium chloride. When the mixture solidifies, reactions 5 and 6 
cease [9]: 

 
(C2H5)3N → (C2H5)3N + •  +  e -       (3) 
(C2H5)3N + •  +  (C2H5)3N  →   (C2H5)2NC•HCH3  +  (C2H5)3NH+  (4) 
(C2H5)2NC•HCH3  + ArCln  →  (C2H5)2N+=CHCH3  +  ArClnq

•  (5) 
ArClnq

•  →  ArCln-1q
•  +   Clq      (6) 

 
To achieve more complete dechlorination, the oil was diluted with 2-propanol and either 

triethylamine or KOH. Because the dieletric constant of the 2-propanol is much higher than the 
transformer oil, its addition to the system increases the aqueous electron yield.  The alcohol radical 
produced from radiolysis of 2-propanol (Eq. 7) undergoes a rapid ion-molecule reaction to produce a 
carbon-centered radical (Eq. 8), which ionizes at high pH (Eq. 9). This radical ion and the electron 
react with the chlorinated species (Eq. 10-11).  Ultimately, biphenyl is produced (Eq. 13): 

 
(CH3)2CHOH  →  (CH3)2CHOH+ •  +  eq     (7) 
(CH3)2CHOH+  +  (CH3)2CHOH  →  (CH3)2CHOH2

+  +  (CH3)2C•OH  (8) 
(CH3)2C•OH  +  OHq  →  (CH3)2CO•q  +  H2O    (9) 
(CH3)2CO•q +  C12H10-nCln  →  (CH3)2CO  +  •C12H10-nCln-1  +  Clq  (10) 
eq  +  C12H10-nCln  →  •C12H10-nCln-1 +  Clq     (11) 
C12H10-nCln-1 + (CH3)2CHOH + OHq → C12H10-(n-1)Cln-1 + (CH3)2C•Oq+ H2O(12) 
•C12H9  +  (CH3)2CHOH  →  C12H10  +   (CH3)2C•OH    (13) 
 
Additionally, oil contains hydrocarbons, such as biphenyl, that may also react with electrons to 

form radical anions. PCBs are degraded by attack from these anions, this would be the primary 
dechlorination pathway if there was not an additive in the oil: 

 
eq  +  C12H10  →  C12H10

•  q      (14) 
C12H10

• q + ArCl  →  C12H10  + Ar•  + Clq     (15) 
 
Ultraviolet photolysis of the same transformer oil (> 800,000 µg/g) with 2-propanol and 

triethylamine led to 90% dechlorination after exposure for 120 h.  Such yields were obtained by 
radiolysis with a dose of 2000 kGy (300 h via gamma-irradiation) [7]. 

 
Despite the favorable results observed in our studies of water [3, 10] transformer oil [6, 7], and 

sediment [8], the applications may be limited in terms of practicality as a result of the use of 
potentially expensive and hazardous additives, such as alcohol. However, revisions to the method 
could make radiation processing of PCB-laden matrices into a competitive technology.  
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For example, alcohols could be replaced with environmentally friendly additives, such as food-
grade surfactants.  We have demonstrated the use of a non-ionic surfactant for the complete 
dechlorination of selected PCBs in water via radiation processing [5]. Dichloro-, tetrachloro-, and 
decachlorobiphenyl congeners were solubilized in water using a non-ionic surfactant and subsequently 
irradiated by a 60Co γ-source.  

 
Rates and extent of dechlorination were determined at different surfactant concentrations, and 

intermediate species and byproducts were quantified.  Pulse radiolysis was used to measure rates of 
reaction between PCBs and the aqueous electron as well as rates of electron scavenging by the 
surfactant. Experiments were also conducted in organic solvents, and these results have been 
compared to those observed in the aqueous surfactant solutions. Each PCB congener was fully 
dechlorinated by ionizing radiation in the micellar systems.  

 
Scavenging of the aqueous electron by the surfactant was significant, and PCB degradation 

efficiency improved at lower surfactant concentrations. PCB transformation occurred primarily 
through reductive dechlorination, forming lower chlorinated PCBs and biphenyl.  In summary, rates of 
PCB degradation were substantially higher in aqueous surfactant solutions than in either diethyl ether 
or petroleum ether. This suggests that solubilizing PCBs in water using a surfactant prior to irradiation 
may provide a considerable improvement in contaminant degradation efficiency in comparison to 
using a solvent additive or directly irradiating the PCB-laden matrix.   

 
Surfactants are likely also effective for enhanced remediation of chlorinated compounds in 

organic-rich environments such as surface sediments. Our recent investigations of the treatment of 
marine sediment by radiolysis for the degradation of PCBs has demonstrated the feasibility of the 
method. However, additives, such as an alcohol, were necessary to enhance the radiolytic yield and the 
PCB dechlorination [8]. We are currently investigating the use of food-grade surfactants (Figure 2) as 
additives to marine sediment for radiation processing. We expect that the surfactants may provide high 
yields of radiation-induced reactive species that will increase the efficiency of the dechlorination 
pathways. Examination of initial irradiated marine sediment samples mixed with surfactants has 
revealed that the radiolytic decay of sediment-associated PCBs and chlorinated pesticides in the 
presence of surfactants is evident [11]. 

 

 

FIG. 2. Food-grade surfactants. 

 
DISCLAIMER: Certain commercial equipment or materials are identified to specify adequately 

the experimental procedure. Such identification does not imply recommendation or endorsement by 
NIST, nor does it imply that the materials or equipment identified are necessarily the best available for 
the purpose. 
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