
ISSN 1425-7351

RAPORTY IChTJ. SERIA B nr 1/99

ELECTRON BEAM
GASEOUS POLLUTANTS

TREATMENT

Andrzej G. Chmielewski

|
«.5:;^frv*ft^-;^SSfStl?if::

PL0000393

m'mmfmrn.r-'T

?^.;:C::-,.v

INSTYTUT CHEMII
ITECHNIKI JADROWEJ
INSTITUTE OF NUCLEAR
CHEMISTRY AND TECHNOLOGY

WARSZAWA

3 1 - 0



RAPORTY IChTJ. SERIA B nr 1/99

ELECTRON BEAM
GASEOUS POLLUTANTS

TREATMENT

Andrzej G. Chmielewski

Warszawa 1999



ADDRESS OF THE EDITORIAL OFFICE

Institute of Nuclear Chemistry and Technology
Dorodna 16, 03-195 Warszawa, POLAND
tel: (+4822) 811 06 56; telex: 813027 ichtj pi; fax: (+4822) 81115 32;
e-mail: sekdyrn@orange. ichtj. waw. pi

Papers are published in the form as received from the Author

UKD: 621.039.9:628.477
IMS: C52.00
KEY WORDS: ELECTRON BEAM, FLUE GAS, SULFUR DIOXIDE, NITROGEN

OXIDES, VOLATILE ORGANIC COMPOUNDS, AIR POLLUTION
CONTROL



Electron beam gaseous pollutants treatment

Emission of gaseous pollutants, mostly during combustion of fossile fuels, creates a threat to
the environment.

New, economical technologies are needed for flue gas treatment. A physico-chemical basis
of the process using electron beam for the simultaneous removal of nitrogen and sulfur oxides
and volatile organic compounds are presented in this report. Development of the process and its
upscaling has been discussed.

Zastosowanie wiazki elektron6w do usuwania
zanieczyszczen gazowych

Emisja szkodliwych zanieczyszczen gazowych, gtownie w wyniku spalania paliw kopalnych,
prowadzi do niebezpiecznego zanieczyszczenia Srodowiska naturalnego.

Poszukiwane s^ nowoczesne, ekonomiczne technologie oczyszczania gaz6w odlotowych.
W pracy przedstawiono fizykochemiczne podstawy procesu wykorzystujajcego wiazk?
elektronow do jednoczesnego usuwania tlenkow azotu, dwutlenku siarki i lotnych
zanieczyszczen organicznych. Om6wiono rozwoj tej technologii oraz zagadnienia zwiazane z
zastosowaniem jej w wi?kszej skali.
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1. INTRODUCTION

The most important source of air pollution is the combustion of fossil fuels. Among the
processes in which fuel is used for energy (electricity and heat) production coal burning plays a
leading role. Burning fossil fuel is and will be the main source of energy for a long time. In the
year 1995 the power installed based on the coal fired boilers was equal to 870 GW, oil fired
boilers 435 GW, while the total world power installed was equal to 2900 GW. According to
predictions the total number will increase to 5400 GW by the year 2020, including 1836 GW
installed in power stations using coal and 648 GW in oil fired power stations [1].

When burning fossil fuels air polluting substances, as particulate, SO2, NOX, volatile organic
compounds (VOC) and other are generated. Exemplary flue gas compositions are presented in
Table 1 [2,3,4]. These data give an idea concerning ppssible pollutant concentrations. They vary from
one fuel to another, e.g. for lignite as high SO2 emissions as 5500 ppm are observed. Even
though the concentration of pollutants is low the global emission is very high for volume of
flue gases emitted. In the case of hard coal the volumetric rate of gas flow (per MW of heat
capacity) is in the range 1000-1500 m3/h (gas temperature 393-473 K), lignite - 1550-2200 m3/h
(gas temperature 393-473 K). Combustion of one ton of municipal solid waste incineration
creates 4200 m3 (505 K).

Table 1. Concentrations of pollutants in flue gases from different sources

Pollutants

SO2

scysOx
No2
N O 2 / N O K

HCl
HF
CO
VOC (mg/m3)
particulate
(mg/m3)

Carrier gas

N2

CO2
O2

H2O

Hard coal Lignite Municipal waste Copper smelter

ppm

350-1700
-0.01

200-1600
-0.05
30-125

5-60
300-680

-
500-35000

100-2700
-0.01

100-500
-0.05
12-60

0.3-2.6
_
-

1500-25000

190-290
-

50-210
_

750
11

40-90
<20

2000-10000

8.5-10.5%
22-580 g/Nm3

1-3
_

-

275-1500

vol %

70-80
11-15
4-7
3-8

60-78
11-15
4-7
8-24

70-71
6-12
7-14
10-18

63
_

9-12
15-17

Worldwide emission of SO2 only from coal fired power stations reaches about 55 millions
metric tons annualy: 17.5 in the US, 7 in China, 6.6 in CIS, 3.6 in Germany, 1.9 in Poland, 2.2
in Bulgaria and 1.3 in Turkey. Emission from domestic and industrial furnaces which use coal
as an energy carrier must be added to these numbers. It is necessary to remember that the total
emission is much higher and, for example, in the case of China is equal to 22000 kt/year.



Emission of NOX (recalculated as nitrogen) created by fossil fuel combustion including
engines is equal to 21 million tons (N) annualy [5].

VOC emissions from combustion (not including traffic) reach almost 0.2 million tons
annualy in the US only [6]. The total emission of this pollutant in GB was equal to 1.8 million
tons and 2 million tons in France in 1989 [7].

Air pollution caused by particulate matter and other pollutants not only directly affect the
environment but by contamination of waters and soil leads to their degradation. Wet and dry
deposition of inorganic pollutants leads to acidification of the environment.

These phenomena affect people's health, increase corrosion, destroy cultivated soil and
forest. Most of the plants, especially coniferous trees are not resistant to the effect of sulfur and
nitrogen oxides. Following longer exposition leaves become yellow and fall down. Wide spread
forest damage has been reported in most Central and Eastern European countries, as well as in the
northeastern USA and Canada. Many cultivated plants are not resistant to these pollutants as
well especially in the early period of vegetation.

The scheme, so called "acid rains" formation, is presented in Fig. 1 [8]. Transportation
distance of the pollutants, before transferred to the acids and deposited, is equal to hundreds or
thousands kilometers. In many cases pollutants are deposited over the teritory of another country
where emitted. Therefore, this is a global problem and subject of international treaties.

This is the reason why in most countries all over the world emission standards have been
introduced [9].

The mechanisms of pollutants transformation in atmosphere are described by environmental
chemistry. The processes are rather complicated, some not very well clear so the reactions
scheme differs from source to source. The pathways depends on many conditions (e.g.
darkness, sunshine, air humidity or presence of dust or water droplets, presence of other
pollutants). However, because there is a very big similarity between those reactions which
occurs in atmosphere and in irradiated gas, some of them are discussed below [10,11,12,13].

An important role in process mechanism is played by photochemistry. These reactions
concern molecules which absorb highly energetic light in the region 300-700 nm. A simplified
scheme of these reactions is given in Table 2.

Table 2. Photochemical reactions in atmospheric air

A - ^ A'

A' -^ A + hv

A' +M -» A + M

A' -> B + C

A' +B -> C +

so2 - ^ s c v
<300 nm

NO2 -!2-> NO + O
290-430 nm

O 2 - ! 2 - > O + O '
<242 nm

activation

fluorescence

deactivation

dissociation

direct reaction



Table 3. Sulfur dioxide oxidation pathways

Gas phase

Direct

I. 2SO2 + O2 - ^ 2 S O 3

2. chain reaction

so2 - ^ s c v
<300 nm

SO2 +SO2 -> SO3 + SO

so2 • + o2 -> so3 + 0
SO2 + O -» SO3

O2 + O - • O3

so + o2 -> so3
end
Radical

SO2 + OH + M -» HOSO2 + M

SO2 + HO2 -> OH + SO2

SO2 + RO2 -> RO + SO3

Liquid phase
(droplets, clouds, adsorbed layer)

Pure water

chain reaction

SO2 + H2O -» SO2 H2O

SO2 H2O -> HSCV + H*

HSO3- - ^ HSO3

HSO3 + O2 -> HSO5

HSO5 + HSO3' -> HSO3 + HSO5'

HSOj+HSO3 -» 2HSO4'

HSO3 + HSO3 -> end

Catalyzed (Mn, Fe, Cu)

xSO2 + Mn2+ -> [Mn(SO2)x]
2+

HS03" -*-> HSO3

HSOs + HSO3 -> end

Direct photoxidation is insignificant in the case of SO2 conversion in the air. More important
is the oxidation through photochemically formed radicals (see Table 3). The most important
reaction is the one with OH radicals. Hydroxyl radical is produced through different secondary
photochemical reactions:

H + O 3 -»OH + O2

NO2 + NO + H2O -> 2HNO2

CH3 + O2 -> CH2O + OH

2NO + 2OH

(la)

(lb)

(1c)

an important role in the SO2 oxidation process is played by the HO2 radical as well, which can
be formed in the reactions:

OH + O3 -> O2 + HO2

CH3O + O2 -> CH2O + HO2

(2a)

(2b)



In the liquid phase this radical could be produced, by a Fenton type reaction (metal
ion/H2O2).

Conversion of SO2 in water droplets, e.g. fog, cloud, rain, snow or adsorbed water layer
plays a much more important role than previously described the "dry" reaction. The first
physical step is the SO2 dissolution in water. The solubility is temperature dependent and at
equilibrium depends on SO2 partial pressure.

The oxidation of SO2 in the water solution is accelerated by a catalyst, e.g. magnesium,
iron, copper ions which are always present in trace concentration.

Another pollutant, emitted NO, is oxidized and transformed into nitric acid by the ways
presented in Table 4. The first pathway is of small importance and NO in the atmosphere is
mainly oxidized by ozone.

The above listed reactions are more complicated when hydrocarbons or different pollutants
are present in the air. Presence of NO* and hydrocarbons enhance oxidation of SO2.

The third problem discussed here, connected with human activities, is the emission of
volatile organic compounds to the atmosphere. The main sources are: vehicle exhaust,
evaporation of petrol vapors, solvent usage, industrial processes, oil refining, land filled wastes,
food manufacture, agriculture and fossil fuel combustion. This emission causes: stratospheric
ozone depletion, ground level photochemical ozone formation, toxic or carcinogenic human
health effects, enhancing the global greenhouse effect, accumulation and persistence in the
environment [7].

Table 4. NO transformation pathways

Oxidation

2NO + O2 -> NO2

NO + O3 -> NO2 + O2

Dissociation

NO2 - !=-• NO + O
O + O2 + M -> O3 + M
O3 + NO -> NO2 + O

Acid formation

O3 + NO2 -> NO3 + O2

NO3+NO2 -> N2O5

N2OS + H2O -> 2HNO3

Another problem discussed recently, is the combustion of municipal solid waste. Waste
incineration leads to volume and weight reduction, destruction of some components and
detoxification of others, destruction of biodegradable compounds which emit methane to the
atmosphere in an uncontrolled manner, energy recovery from organic compounds with
adequate calorific value that leads to fossil fuel consumption reduction [4].

The public concern over incineration is connected with the identification of chlorinated
dibenzo-p-dioxins and dibenzofurans in incinerator emission. These emissions are observed
when incomplete combustion may occur when the incinerator is improperly operated, for
example, operation at excessively low temperatures (below 800°C) or overloading of the plant.
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Different technologies have been applied for air pollution control, e.g. coal and oil
desulfurization, combustion modification or flue gas purification. The most widely applied
system for coal fired boilers are wet flue gas desulfurization (FGD) using lime or limestone as
reagent and selective catalytic reduction (SCR) for NOX reduction. In the first case commercial
or throw away gypsum is generated as a byproduct and in the second case NOX are reduced to
nitrogen using ammonia over a catalyst. A scheme of the process is presented in Fig. 2. The
different FGT processes and their technical and economical aspects are presented in different
reports [14,15,16,17].

In the case of a calcium compound based wet process, lime or limestone suspension is used
as a reagent. The first step of the process is the absorption of SO2 in the liquid phase:

SO2(g) ~> SO**, (3a)

SO2(«p + H2O -> H2SO3 - • H+ + HSCV (3b)

HSCV -> H+ + SOj2' (3c)

when lime is used as a reagent further reactions follow the scheme:

Ca(OH)2 -> Ca2+ + 2OH" (4a)

Ca2+ + HSCV + 2H2O -> CaSO3 • 2H2O + H+ (4b)

2H+ + OH" -> 2H2O (4c)

and for limestone:

tT + CaCOa ->Ca2+ + HCCV (5a)

Ca2+ + HSCV + 2H2O -> CaSO3 • 2H2O + H+ (5b)

H+ + HCCV -> H2CO3 -> CO2 +H2O (5c)

The product of reaction can be oxidized using atmospheric air to obtain gypsum:

SO3
2" + i-O2 -> SO4

2- (6a)

Ca2+ + SO4
2' + 2H2O -> CaSO4 • 2H2O (6b)

The process of nitrogen removal is based on catalytic reduction (SCR). As the catalysts
vanadium pentoxide, molybdenum oxides and tungsten oxides deposited on a porous carrier
(titanium dioxide, aluminium or silicon oxides) are used and ammonium is a reductant. The
exemplary reactions are:

4NO + O2 + 4NH3 -> 4N2 + 6H2O (7a)

4NO2 + O2 + 4NH3
 30°-450°c > 3N2 + 6H2O (7b)

11



both processes are rather complicated chemical technologies and different problems occur
during the installation operation (undersierable reactions, scale formation, clogging, etc.)
[18,19],

2. PROCESS THEORY

2.1. Electrons interaction with gas

Fast electrons which have a limited penetration range in matter are a good tool for
processing of gases of low density (three orders of magnitude lower than that of liquids or
solids). During the movement of electrons through a medium which consists mostly of light
nuclei its energy is dissipated mainly through interactions with the orbital electrons. These are
moved from the former positions and ionization or excitation occurs. The average energy of an
ion pair formation (©) in gasous material lies between 25 and 40 eV. The ionization potentials j
of the gases are lower than the ©-values and the rest of energy oo - j must be used for
excitation. For air © is equal to 34 eV, ionization potential j = 15 eV, so © - j = 19 eV. The
differences for the air components are not very big, for N2, co = 34.9, 30.8 for O2 and 32.8 for
CO2. Since the excitation energies per atom are <5 eV, several excited atoms are formed for
each ion pair. Along the electron track (Fig. 3) exited and ionized molecules are formed and
secondary electrons are liberated. The penetration range of electrons depends on their energy
i.e. in air for 1 MeV electrons is equal to 405 cm, for 3 MeV - 1400 cm and for 10 MeV -
4200 cm. Specific energy loss is called stopping power s

s = AEic/Ax [J/m]

and is determined by the atomic composition of matter and is a function of the electron
velocity.
Specific ionization is defined by

J = dNj/dx [ion pairs/m]

s = ©J [J/m]

where © is the number of ion pairs formed.

The energy which is transferred to unit mass components is called an absorbed dose.
Absorbed energy may be represented in eV/g or SI unit Grey [J/g] (1 eV = 1.602 • 10'12 erg;
the formerly by used unit for absorbed dose was rad; 1 eV/g = 1.602 • 10'M rad; 1 Gy = 100
rad). The number of events or phenomena which have occurred as a result of 100 eV of
energy absorbed in the matter (produced or reacted atoms and molecules) is represented by G-
value. Most of reactions have G-values <10. In the SI system unit of G is mol/J. The
conversion factor between the two units is 1 mol/J = 9.649 • 106 molecules per 100 eV [20].

In the absence of chemical reactions, the ions recombine, exited species return to their
ground states, and energy will appear as thermal energy (heat) that will cause the temperature
increase. This is a very useful dosimetric method often applied in gas treatment research
systems.

In rare cases, that have small probability because of small nucleus diameter and its strong
localization (in comparison to delocalized electrons on orbitals), the electron may interact with
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electromagnetic field of nucleus which is connected with emission of energy quantum
(Bremsstrahlung) or elastic collision. The latter, due to the great difference in masses, occurs
without energy exchange and the electron changes only direction. The former depends on the
atomic number and can be neglected for very light atoms as in the case of gaseus mixture
components. In the case of gasous mixture processing which is performed in an irradiation
vessel, some electrons may reach the vessel walls made of metal. This is a source of low energy
bremsstrahlung emission and equipment has to be shielded.

There is no possibility of photonuclear reactions which may induce radioactivity in materials
for photons with energies below 10 MeV. Practicaly, in the case of flue gas treatment
accelerators with electron beam energy less than 1 MeV are applied so these phenomena do
not occur. Accelerators with electron energy up to 10 MeV are used commercialy for radiation
processing, sterilization and food irradiation.

2.2. Radiolysis of gases

Energy of electrons is absorbed by the components of gaseous mixture proportionally to
their mass fraction. In the case of air or flue gases a matrix consists of nitrogen, oxygen, water
and carbon dioxide. In the case of electron beam irradiation only 6% or less of the absorbed
energy is dissipated in vibrational excitation of molecules. Most of it is consumed in
dissociation and ionization of molecules which is illustrated by data given in Table 5 [21].
Dependence of the ways of energy dissipation on electric field (primary electrons energy) in a
dry air is presented in Fig. 4 [21]. As it can be noticed from the curves for the low electrical
fields (e.g. electrical discharge) input energy is consumed predominantly by the vibrational
excitation of N2. These are important information for selection of economical methods for gas
processing.

Table 5. Energy dissipation in the plasma produced by electron beam irradiation of dry air (80%
N2 + 20% O2)

Process

N2 vibrational

N2(A
3SU

+)

N2(B3ng)
N2 dissociation

N2 dissociative ionization

N2 molecular ionization

O2 vibrational

O2(a
1Ag)

O2 dissociation

O2 dissociative ionization

O2 molecular ionization

Others

Energy dissipation (% of input
power)

5.3

1.1

1.8

24.0

13.9

28.3

0.6

0.7

8.3

2.9

2.8

10.3

13



The radiolytic yield of primary reactive species is given in the literature [22,23].

100 ev

4,43 N 2 — > 0.29 N2* + 0.885 N(2D) + 0.295 N(2P) + 1.87 N(4S) + 2.27
N2

+ +0.69 N+ +2.96 e" (11)
100 aV

5.377 O2 ~~~"> 0.077 O2* + 2.25 O('D) + 2.8 O(3P) + + 0.18 O*+ 2.07 O2
+

+ 1.23 O+ +3.3 e- (12)

100 aV

7.33 H2O — > 0.51 H2 + 0.46 O(3P) + 4.25 OH + 4.15 H + 1,99 H2O +
0.01 H2

+ + 0.57 OH" + 0.67 H+ +0.06 O* + 3.3 e

100 eV ,

7.54 CO2 > 4.72 CO + 5.16 O(3P) + 2.24 CO2 + + 0.51 CO + +0.07
C++ 0.21 O+ +3.03 e" (14)

The G-values for the reactions presented in equations (11-14) are 6±2 that corresponds to
the radiolysis of 25+10 ppm of gas molecules per kGy.

Some of the excited molecules react rapidly with the background molecules to produce
additional dissociation. E.g. excited oxygen atoms O(!D) react rapidly with H2O to form
additional OH radicals.
Ions react with H2O to decompose it through a charge transfer

N2 + 2H2O -> H3O
+ + OH + N2 (15)

electrons react mainly with O2 to produce O2" or its cluster ion

e" + O2 + M - • O2" + M (16)

These ions neutralize to form HO2

+ O2->HO2 + H2O (17)

Therefore, one pair of ions produce one OH and one HO2 radicals.
The radicals produced initially through direct and ionic decomposition processes are OH, N,

H2O, O and H.
These radicals react with NO and SO2 which are good radical scavengers.

2.3. Nitrogen oxides removal pathways

In the introduction to this chapter different sources of nitrogen oxides emissions were
described. The biggest amount of these oxides is emitted by power plants which burn coal. In
such a case 95% of the oxides is monooxide (NO) and NO2 is the rest. NO is unsoluble, a little
reactive. Therefore in most cases it is necessary to oxidize it to NO2 before removal or reduce
to gaseous nitrogen, as in the case of SCR (see equation 7a). In the case of electron beam
treatment the most effective removal pathways are as follows:

+ M-»HNO2 + M (18)
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N(4S) + NO->N 2 + O (19)

N(4S)+NO2->N2O + O (20)

The other possible reactions are given in Table 6 and discussed by Busi et al. [24],

Table 6, Radiation induced NO transformation pathways

OH + NO + M -> HN02 + M

OH + NO2
2 -> NO + HO2

HNO2

N(2D) + O2

N(2P) + O2

HO2 + NO -

> NO2 + H2O

» NO + O

NO+ 0

NO2OH

HO2 + NO2 + M -> HO2NO2 + M

O(3P) + NO + M -> NO2 + M

O(3P) + NO2 + M -> NO3 + M

HO2NO2 -> NO2 + HO2

HO2NO2 + O -> NO2 + OH + O2

HO2NO2 + OH -> NO2 + H2O + O2

2.4. Sulfur dioxide removal pathways

SO2 removal is based on two different pathways: thermochemical oxidation and radiation
induced reaction.

SO2 oxidation in the gas phase is possible through direct photooxidation or oxidation
through photochemically formed components (e.g. radicals) [6]. Even in the absence of light,
SO2 in air is oxidized in the presence of several metal oxides (aluminum, calcium, and iron).

However, conversion of SO2 within liquid droplets, dew and on solid particles surfaces is of
special significance for oxidation of SO2. This is a heterogenous oxidation. The process is
based on two steps ab(ad) sorption and chemical oxidation.

The solution of SO2 in water depends on the partical pressure and solubility which is
temperature dependent:

H2O(liq) -> (SO2 H2O) (21)

Depending on pH value of water, the SO2 hydrate dissociates to hydrogen sulfite (HSO3) in
an acidic environment or to sulfite (SO*-) in an alkaline environment whereby protons (H+) are
released which are then present in water as hydronium ions (H3O+):

SO2 H2O + H2O <-> H3O
+ + HSO; (22)

15



in a slightly acidic range

S02 H20 + 2H2O <-> 2H3O
+ + SO (23)

in an alkaline range.

For small droplets and pH values below 6 the equilibrium between SO2 in the gaseous phase
and hydrogen sulfite or hydrate in the liquid phase is quickly reached. With decreasing pH
values it shifts towards the gasous phase. The factor determining the S02 transformation is the
oxidation stage and not the SO2 absorption in water [6],

The process of oxidation of SO2 in droplets depends on many different factors and is not
fully known. The oxidation of SO2 by O2 can be accelerated in polluted air by catalysts, in
particular by magnese and ferrous ions.

In the case of electron beam treatment the radical reactions lead to SO2 oxidation and these
are listed in Table 7.

Table 7. Main radical reactions concerning SO2 transformation

OH + SO2 + M -> HSO3 + M

OH + HSO3 -> SO3 + H2O

HO2+SO2 -> SO3 + OH

OH + H2O + SO2 -> HSO3 + H2O

HSO3 + O2 -> SO3 + H2O

SO2 + O2 -> SO3

50 2 + OH -> HOSO2

HOSO2 + OH -> H2SO4

50 3 + H2O -> H2SO4

The mechanism of SO2 oxidation is rather simple and can be represented by the following
sequence:

SO2
OH HSO3

OH

H2SO4

H2SO4

(24a)

(24b)

The reaction with OH radicals, as it is seen from this reaction, plays the most important role
in SO2 transformation. The rate constant of the first reaction (with OH) depends on
temperature, pressure and water vapor content.

Gas phase oxidation of SO2 is presented in Fig. 5 where experimental data obtained by
Tokunaga and Suzuki are compared with the model calculations done by Gerasimov et al.
[25].

Similar results have been obtained by Nichipor et al. [26] and data for different initial
concentrations are given in Fig. 6.

A remarkable increase in process efficiency is observed in humid air or water droplets. The
decrease of initial absolute humidity from 7 to 2% causes an increase of oxidation energy from
2 to 15 eV/molecule.

16



In the case of water droplets spray present in irradiation region, the observed chain reaction
in the liquid phase leads to a significant energy consumption reduction for the SO2 removal in a
heterophaseous air stream. First, this is connected with a well-known, from environmental
chemistry, liquid-phase chain mechanism and secondly with a specially proposed ionic chain
oxidation mechanism in a cluster. The phenomena were discussed by Baranchicov et al. [27],

2.5. NO, and SO2 reactions with ammonia

Additional reactions should be considered in presence of ammonia. In the case of NO, the
radicals reactions are listed in Table 8. Oxidation process leads to the ammonium nitrate
formation NO partly is reduced through the reaction with the ground state nitrogen radical (4S)
or the NH2 radical to elemental nitrogen and in a smaller portion to dinitrogen monoxide
[28,29,30].

Table 8. Radical reactions in presence of ammonia

N(2D)

N('P)

NH 2 H

N H ^

N H ^

NH +

NH +

+ NH3

+ NH3

N0->

N O 2 -

NO->

NO ->

NO2 -

->NH-+

-^NH +

N2 + H

> N2O +

N2H +

NH2

NH2

2O

H2O
OH

N2 + OH

>N2O + OH

SO2 is converted to sulfuric acid which reacts with ammonia to form ammonium sulfate.
The pathways of NOX and SO2 removal are presented in Fig. 7 [30].

It should be noted that SO2, beside the radical reactions, is removed via a thermochemical
reaction. The mechanism of the second reaction is not fully known and some differences in the
results obtained by different investigators were reported.

According to the observations from the environmental chemistry [31], the presence of
ammonia in the air polluted by SO2 does not lead to the formation of particles. But it has been
realized that air photolytic particles, enriched in SO2, are of larger size when NH3 is added.
SO2 dissolved in atmospheric water droplets form H2SOa which is then oxidized by oxygen
dissolved in droplets to sulfuric acid. The oxidizing action diminishes in proportion to
increasing acidity. The embryos are formed.

NH3 + H2SO4 nH2O --> NH4HSO4 • nH2O

NH3 + NH4HSO4 • nH2O -^ (NH4)2SO4 • nH2O

2SO2 + 2H2O +
NH.

(25a)

(25b)

(25c)
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The products of the first two reactions are saline embryos, a medium resulting in SO2
catalytic oxidation. Particle development continues as long as NH3 is fixed and is able to
neutralize the acid resulting from catalytic oxidatjon while SO2 is fixed by the particle.

When an electron beam is applied, the oxidation of SO2 is much faster due to the radical
reactions discussed earlier. The formed SO3 condensates in the presence of water vapor even at
high temperatures. The dependence of sulfuric acid dew point on the concentration of SO3 and
H2O is presented in Fig. 8. In presence of ammonia the reactions of the type illustrated by
equations (25a-c) play a very important role in the overall SO2 removal efficiency.

The reaction of ammonia with SO2 was studied by many researchers in laboratory
experiments. The role of water vapor was proven [32,33], as it can be noticed from the data
presented in Fig. 9 [33], the reaction practically stops at temperatures below the dew point.
The positive role of increasing oxygen and nitrogen oxide concentration on the removal
efficiency was observed [34]. However, in these investigations gas mixtures containing pure
SO2 were studied and the dew point temperature is characteristic for a given content of water
vapor. Quite a different case concerns real flue gases from a power plant where SO3 is always
present.

The dew point temperature is quite high (see Fig. 8), therefore the condensation of sulfuric
acid occurs and the heterogeneous/catalytic reactions discussed earlier take place.

Temperature dependence of the thermochemical reaction in the real conditions of coal fired
power plant is presented in Fig. 10 [25]. The reaction is irreversible and has the first order
with respect to both SO2 and NH3:

d[SO2]/dt = -kt[SO2] [NH3] (26)

The rate-limiting step is the reaction NH3 + SO2 -> NH3 • SO2 having a rate constant kt =
7.3 10"16cm3/s at 23°C. Further reactions leading to the condensation and product oxidation
occur rather rapidly. The temperature dependence of the reaction constant could be presented
by the equation [25]:

Kt = 4.55 • 1 (Ty exp (9000/T) (27)

The understanding of the physico-chemical mechanism of the process allows the
optimization of the removal process to achieve the highest SO2 removal efficiency at the lowest
power (beam) consumption.

2.6. Reactions with other neutralizing reagents

Sulfuric and nitric acids formed during flue gase treatment easily react with other than
ammonia neutralizing reagents as well. Ca(OH)2, KOH or NaOH can be used. Sulfates and
nitrates result as products of these reactions. Tests have been performed with the usage of these
reagents and are discussed later.

2.7. N2O formation

Nitrous oxide (N2O) occurs in the troposphere at the background concentration of about
300 ppb and measurement over the past two decades has shown that its concentration is rising at
a rate of about 0.2-0.4% per year. The molecules, being chemically stable in the troposphere (the
life time of approximately 150 years) if transported to the stratosphere undergo conversion to
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NO, which subsequently reacts with O3. Hence an increase in N2O emission is followed by
further O3 depletion in the stratosphere.

Anthropogenic sources, including the denitrification of chemical fertilizers and the
combustion of fossil fuels are estimated to comprise one-third of the total N2O produced.
Nitrous oxide is also emitted from different technologies, for example, in the deNO
technologies. In the deNOx process exploiting NH3 for nitrogen oxide reduction, the secondary
undersired reactions are observed:

(a) For selective catalytic reduction (SCR)

2NH3 + 2O2 -> N2O + 3H2O (28)

(b) For selective noncatalytic reduction (SNCR)

2NH3 + 2O2 -> N2O + 3H2O (29)

(c) For electron beam flue gas treatment (EB process)

O (30a)

NH3 + OH -> NH2 + H2O (3 Ob)

NO2 + NH2 -> N2O + H2O (30c)

In the case of SNCR system (especially urea based systems) the ammonia decomposition
reaction results in the emission of N2O, 10-15% of the processed nitrogen oxides. If an SNCR
system reduces the NOX emission by 50%, the net NOX reduction, considering the N2O
emission, is only 35-40%. The SCR system converts less than 1% of NOX to N2O [35], but this
figure increases if the activity of the catalyst decreases during the time of the operation. A new
problem arouse when the fluidised bed combustion of coal has been introduced. In this process
a much higher concentration of N2O in the flue gases is observed in comparison with
conventional combustion process [36], The emission of N2O in the EB process is observed and
results in up to 10% NOX reduction in the case of a single irradiation process. It was one of the
tasks in the optimization studies performed at the Kaw^czyn pilot plant. However, an
investigator has to be very careful in sampling and analyzing of flue gases. A significant
amount of artefact N2O may be formed within the sampling container in the simultaneous
presence of NOX, SO2 and moisture. The method of N2O analysis is given in [37].

2.8. Volatile organic compounds reduction

Volatile organic compounds (VOC) are mostly toxic substances affecting human beings or
the environment directly or as an ozone precursor. Ozon is formed as a product of the reaction
of VOC with NOX. Reactions leading to ozone formation are given in Table 9. VOC react in
troposphere with hydroxyl radicals to form organic radicals which, through the reaction with
oxygen, form peroxy radicals oxidizing NO. As a result of the photochemically induced
reaction of NO2 with oxygen ozone is formed.
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Table 9. Ozone formation in troposphere

OH
R +
RO2

NO;
0 +

+ RM

Oz->
+ N 0

0 2 ->

->H;

R02

NO

03

0

0:
+

+

0

R

Different processes have been introduced for VOC removal from industrial gases.
Adsorption, thermal catalytic and non catalytic combustion, biofiltration, etc. Thermal
combustion for low VOC concentrations is not very economical because the whole stream of
flue gas has to be heated.

Electron beam application for the VOC destruction has the advantage due to the fact that
the energy is directed prefentially toward pollutant molecules which act as scavangers of
formed radicals. A carrier gas is heated slightly. A fast electron creates up to 3000 secondary
electrons which slow down very quickly on the neutral species to the energy 0.025 - 1 eV.

Mechanism of energy transfer on the example of chloroorganic compounds destruction is
given in Table 10 [38].

The oxygen and chlorine radicals produced will react with other VOC molecules. Even the
concentration of halogenated organic compounds is low in comparison with nitrogen or
oxygen the attachement of slow electrons to them is much more probable.

Table 10. Mechanism of chloroorganic compounds treatment

e'H

e'H

e'H

e'H

cr

- 0 2 -

-ccu
-C2H3

• 0 2 * - > 0 +0"

-» CCU*' CCI3 +

CI3 -> C2H3Cl3*" -

C 2 r lL43 —> L-2XIL.I3 —>

+ M -•• Cl •+ M'

cr
-> C2H3CI2 + c r

C2HCI2 + c r

where * indicates an activated, unstable species and M is any species in the reactor

The OH radical plays an important role in the case of hydrocarbon degradation [39].

n - CH3COOC4H9 + OH -> CH3COO + H2O (31)

The reactions of OH radicals with aromatic hydrocarbons occur via the addition of OH
radicals to the aromatic ring (at temperature below 320 K). Two possible reaction pathways,
namely the hydrogen abstraction and oxygen addition can be considered for reactions of the
intermediate radicals with oxygen. The oxygen addition reaction may give a ring cleavage,
which leads to the production of various organic compounds through the reactions with NO
and/or oxygen. The predominant primary products of the ring opening reactions are simple
aldehydes under tropospheric reaction conditions. These opening reactions are of minor
importance compared with aerosol formation. The aerosol formation proceeds via retainment
of the aromatic structure which is favourable from the energetic point of view. Such pathways
may be a combination of oxidation and substitution reactions which would lead to the
substituted xylenes, toluenes and benzenes of low vapor pressure. Parallel to such reactions,
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coagulation of the molecules may take place to produce polymeric particles. With aliphatic
hydrocarbons like butylacetate, no comparable reactions are possible, hence aromatic
hydrocarbons like xylene are much more favourable for aerosol formation upon electron beam
treatment [40].

The electron-generated plasma is used to decompose different chlorinated hydrocarbons.
These compounds with more chlorine molecules are more easily decomposed.

The electron-capture cross section is a measure of how readily a molecule captures a slow
secondary electron. Molecules that have electronegative elements such as chlorine or fluorine
are more likely to attach to free electrons, and these molecules have higher electron-capture
cross sections. Consequently, the rate constans of their dissociation reactions will be higher.

For example CCU, which has four chlorine atoms per one carbon atom, has the highest
electron-capture cross section of any chlorinated molecule. Therefore, its rate constant for
dissociative electron attachment is high and, as a result, the molecule will decompose more
easily in the plasma than a VOC with a similar decomposition mechanism but of lower
electron-capture cross section.

The energy efficiency for CCU is intensitive to the gas temperature, at least up to 300°C.
The mechanism of the process is discussed in [40], The chain reactions may play a role in the
decomposition of VOC (e.g. TCE) as well. Mechanisms of most of the reactions are still not
very clear. In the case of compounds discussed in [40], toluene and freon 113 decomposition
of the first compounds, the leaving group is either a hydrogen from the methyl group and in
the second case the leaving group is probably a chlorine atom.

The bond energies of these compounds are listed in the paper published by Vitale et al. [40].
Dose dependent destruction of toluene and freon 13 is given in Fig. 11 [40] and energy
requirements for different compounds are given in Fig 12 [40].

2.9. Wet ammonia desulfurization processes

Absorption of SO2in ammonia water is used for flue gas desulfurization as well.
The principle reaction is:

NH3 H2O + SO2 -> (NH4)2SO3 + H2O (32)

(NH4)2SO3 + SO2 + H2O -> 2NH4HSO3 (33)

2NH4HSO3 + NH4OH -> (NH4)2SO3 + H2O (34)

The reaction is reversed at temperatures 80-120°C, SO2 can be concentrated and the liquor
returned to recirculation. Eventualy, in a nonregenerative process ammonium sulfite is oxidized
to ammonium sulfate:

2NH4HSO3 + O2 + 2NH4OH -> 2(NH4)2SO4 + 2H2O (35)

The process has been applied for a sintering plant off-gas desulfurization using ammonium
water from the coke production plant (NKK Keihin works).

For coal fired power plants the process was applied by Walther Co. at HKW - Power Plant
(Karlsruhe) [41].

The problems concerning aerosols emission have been solved by Krupp Koppers which operates
a 750000 NmVh installation at Grosskraftwerk, Manheim [42]. General Electric has introduced the
process in the US [43] SCR process using the same reagent which is used for NOX removal in the
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Krupp process. Ammonium sulfate is recrystallized from the absorption liquor and is sold as a
fertilizer. The 30-40% wt ammonium sulfate solution yielded in the scrubbing process can be
applied directly as a liquid nitrogen fertilizer as well [44].

There is a big similarity between this byproduct and that originating from electron beam flue
gas treatment. In the second case the byproduct is enriched in ammonium nitrate.

The granular ammonium sulfate cost (FOB price) is 114 USD/ton in the South Eastern
region and 146 USD/ton in the Great Lakes region (1994). The export price of standard-grade
ammonium sulfate (FOB Gulf Cost) is roughly 52 USD/ton [45].

The heavy metal content measured for ammonium sulfate obtained at the HKW-West
Power Plant desulfurization plant was in ppm [41]:

Cd
0.61

Cr
5.21

Cu
3.27

Hg
0.67

Ni
3.99

Pb
12.5

Zn
32.1

much lower than a maximum allowable content:

20 670 670 10 335 670 2000

and much lower than present in the commercially available NPK fertilizer:

4-9 80-110 20 0.5 <40 <100 <210-240

The liquid solution of ammonium sulfate used as fertilizer contains 40% of the salt, giving a
sulfur concentration of 9.7% and nitrogen concentration of 8.5%. Therefore, ammonium
sulfate can be incorporated into any of the urea and ammonium nitrate fertilizer to give an
agronomically desired sulfur/nitrogen ratio [44].

3. LABORATORY AND PILOT INSTALLATIONS

Small laboratory or pilot plants with a gas flow up to 1000 Nm3/h were constructed by
Ebara-JAERI, Takasaki [46,47], KfK, Karlsruhe [48,49] and TU, Karlsruhe [50,51],

An installation with a gas flow of 400 Nm3/h has been operated in the INCT, Warsaw,
Poland [52].

Small laboratory units have been in operation in JAERI, Takasaki [53], IPEN, Brasil [54],
INPAS, Shanghai [55] and TU, Helsinki [56]. In all cases, simulated off-gases or gases from
oil or gas fired furnaces were treated.

Larger installations of up to 20000 Nm3/h in capacity were constructed in Japan (Ebara)
[57], the USA (Ebara) [58,59] and Germany (Badenwerk) [60,61]. The first pilot was installed
to clean flue gases from an iron-ore sintering machine. The others were used for cleaning
gases from coal-fired boilers.

A combined technology of the spray drayer-electron beam system, using lime as alkali
reagent was investigated in the USA (Cottrel) [62].

Two modern pilot plants based on the multistage gas irradiation principle were constructed
in Poland (INCT-EPS Kaw?czyn) [63] and in Japan (Ebara-JAERI-Chubu Electric) [64]. The
first pilot plant is still operational [65].
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3.1. Laboratory installation at INCT

A laboratory unit (Fig. 13) with a gas flow capacity of up to 400 Nm3/h has been
constructed at the INCT [66], The composition of flue gases from two natural gas fired boilers
can be ajusted by the dosage of different gaseous pollutants (SO2, NOXJ VOC). An irradiator,
accelerator ILU-6 is used with an electron beam energy in the range 600-1000 keV. The
installation is completed with two independent microwave generators. This allows to
investigate a combined removal concept based on the simultaneous use of electron beam and
streams of microwave energy to produce free radicals in the reaction vessel [67]. The
simultaneous use of the electron beam and microwave energy increase the total removal
efficiency at the same power consumption [68].

The system has been used for the investigation of SO2 removal from off-gases with high
SO2 concentration (up to 15%). This range of SO2 concentration is observed in the case of off-
gases emited in the processes applied in the copper industry [69].

Flue gas with high SO2 content can be effectively cleaned by NH3 and electron beam
treatment, even at higher than optimal, temperatures. The efficiency 90-95% of the SO2

removal was obtained in specific conditions (SO2 content 10-15%). The ammonia
stoichiometry, humidity and a dose up to 7 kGy have a sharp influence on the SO2 removal
efficiency. The product formed in the process is ammonium sulfate. Removal efficiency for one
of the investigated cases is given in Fig. 14 [70].

The other problem investigated was electron beam induced destruction of VOC. A very
resistant to radiation benzene vapor was investigated. The doses were established by using foil
(PCV) dosimeters in accordance with the standard procedures. Simulated gases were
composed of air, 10% water vapor and two initial concentrations of benzene 3.48 lO^g/cm3

and 3.5 \O'5g/cm3, A large number of unidentified organic products obtained by irradiation
was detected by gas chromatography. A Perkin Elmer 8700 gas chromatograph was used for
the determination of radiolysis products. The chromatograph was equipped with a flame
ionization detector (FID) and a capilar column of 12.5 m length. Temperature of the oven was
kept at 110°C (isothermal) and the gas flow was 40 ml He/min. These conditions assured the
measurement of phenol with an accuracy of 3.48 10"I2g/cm3. Phenol constitued the main
product of benzene radiolysis. The removal efficiency amounted to ca. 45% for benzene under
the dose 40 kGy (Fig. 15). The relatively low efficiency is caused by exceptionaly high
resistivity of benzene to radiation.

The described laboratory installation can be used for the development of new electron beam
based processes and for the investigation of optimal physico-chemical parameters.

However, this unit, and other units of this size used in different laboratories all over the
world, cannot be used for process upscaling. Dimensions of laboratory irradiation chambers do
not allow to study the effect of electron (with limited range of penetration) interaction with
separate fragments of flue gas streams flowing inside large ducts. Industrial pilot plants (size of
20000 Nm3/h and bigger) are necessary to be constructed to investigate these phenomena.

3.2. Pilot plant at EPS Kaweczyn

A pilot plant was constructed at the Electropower Station Kaweczyn [52]. It was installed
on a bypass of the main flue gas stream from a boiler WP-120. A scheme of the installation is
given in Fig. 16. Two accelerators ELV-3a (50 kW, 500-800 keV) were installed in series on
the reaction vessel. For the first time in an industrial pilot installation, a cascade double gas
irradiation was applied.
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Flue gases are cooled down in a spray cooler working in "dry-bottom" conditions and then
irradiated in two steps in the reaction vessel which is a cylinder 7 m long and 1.6 m in diameter
(Fig. 17) [71]. The double window system was employed, with the windows made of 50 pirn
thick titanium foil. An "air curtain" was used to separate the secondary window from the
corrosive flue gas. A construction of the primary window (accelerator window) which is
cooled by an air stream is presented in Fig. 17. Gaseous ammonia is injected by nozzles
upstream of the flue gas irradiation. Aerosols formed in the process (ammonium sulfate and
nitrate) are captured in filters: particles size distribution is given in Fig. 18. The particles
formed are small with diameter lower than 1 micron and sticky. Two types of filters were
applied - a bag filter and a gravel bed filter [72,73]. The bag filter consists of four
compartments with a total filtration area of 600 m2 (512 bags). An "off line" regeneration
mode was used (one compartment in regeneration, three others in operation). The bag filter
system is equipped with two lines for filtration aid dosage. One of them could be used for
precoating, while the second one allowed the introduction of additional powder during the
continuous operation. Another system for filter preheating and air conditioning was designed
and applied. Filter walls are insulated and bottom heated. Different types of bag fabrics were
investigated and cages construction modified to obtain good bag regeneration (cleaning from
the product). The continuous 30 days test of the installation, equipped with the filter described,
has been performed. Very high aerosol removal efficiencies have been achieved (over 99.8%).
However, to obtain the stable operation of the filter (constant pressure drop) it is necessary to
apply filtration aid (silica, fly ash, dolomite etc.) and to keep a filter temperature in the range
70-80°C.

The wet gravel bed filter has been designed together with Forschungszentrum, Karlsruhe where
this type (dry and wet) of equipment has been developed for the process. In this case the
byproduct (soluble) can be easily separated from fly-ash (unsoluble). The off-line cleaning of
the gravel from fly ash has been applied in the system. The experiments have proved that the
fly ash presence in the flue gas do not affect SO2 and NOX removal efficiency (investigated
range 100-700 mg of solid particles/Nm3 at the inlet). An additional SO2/NOX removal was
obtained in the wet filter. However, the product in this case is obtained in the form of aqueous
solution (liquid fertilizer or crystallization). The concentration of the nitrogen salts cannot be
higher than 40% wt.

The pilot plant is equipped with a modern monitoring and control system [74,75] whose
scheme is given in Fig. 19. The manual sample grab methods were used for their verification.

The first experiments were performed with gas humidity of 7-8% vol and its temperature (at
the irradiation vessel inlet) being 70-80°C. The SO2 removal efficiencies, depending on the
inlet concentration, were 70-90%, while the NOX removal efficiencies, depending on the dose,
process parameters and inlet concentration, were 70-90%.

The fact that the NOX removal efficiency depends mostly on the dose and, on the other hand
SO2 is mostly removed via a thermal reaction, impose an interesting observation concerning
the ammonia consumption in both reactions. The thermal reaction efficiency for SO2 removal
decreases with temperature. Thus, at higher temperatures more ammonia (at constant
stoichiometric ratio) is available for concurrence of NOX reductive processes. However, this is
not the only phenomena which affect the process, that is well illustrated by the further
described experiment (the influence of ammonia stoichiometry). SO2 is more reactive with
ammonia, at a given dose, SO2 removal efficiency is strongly dependent on ammonia
stoichiometry. There is not a big influence of ammonia stoichiometry (at a given dose) on NO
removal efficiency; this is well ilustrated by the fact that the reaction yields (NO reduction and
oxidation path ways) depend mostly on the dose.

The first set of experiments, as has been already mentioned, was performed for low gas
humidity and at rather high temperatures. For the second set of experiments the humidification
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system of the Kaw^czyn pilot plant has been upgraded. The high enthalpy water was used,
packing was introduced into the column and water recirculation was applied. The humidity of
flue gases can be increased up to 15% vol and the inlet temperature reduced down to 458C. In
these conditions the SO2 removal efficiency as high as 98% can be achieved (Fig. 20). Due to
the thermal reaction a very low dose is required, to obtain a high removal efficiency (Figs. 21,
22). It is important to note that an adequate dose is necessary to obtain the oxidized byproducts
(sulfate and nitrate). In the case when a moderate NO* removal efficiency is required, the
economical competitiveness of the EB process with conventional technologies further increases.

A high removal efficiency was obtained using a bag filter, the other methods of filtration,
gravel bed [76] and wet gravel bed filters were investigated. However, all these experiments
have proved that no special methods of filtration should be developed, the most adequate are
already offered by equipment manufactures e.g. dry and wet ESP's.

The most important problem to be solved in process upscaling is the irradiation vessel
construction. In the Kawe.czyn's pilot plant longitudinal, double irradiation of the flue gases
has been applied.

Because of the limited electrons penetration the adequate beam energy is required (Fig. 23)
[77].

A marker seen on the photographs presented in Fig. 24 has been installed in the horizontal
axis of the irradiation vessel. The glowing ionized gas plum only in the case of electrons energy
0.7 MeV covers the whole irradiation vessel intersection. A quantitative penetration of the
beams of 0.6 MeV and 0.8 MeV energy is presented on the drawing presented in this Fig. 22
as well. The losses in the beam energy delivered to the gas consist of two components; the
stopping power of two titanium foil windows and, the air in the gap between them and the
absorption in the walls of the irradiation chamber. Of course losses connected with gas heat
disspation are not discussed here. For electrons with lower energy the losses of power in the
windows system are higher. On the other hand for higher energy electrons the energy absorbed
by the vessel walls (and losses) are higher. Therefore, an optimum energy of electrons for a
given vessel design exists. For an optimum energy the highest NOX removal efficiency can be
achieved.

The improvement of removal efficiency due to the limited electron penetration through the
flowing gas can be achieved by a multistage irradiation. The gas mixing between irradiation
stages is favorable for the process. The further optimization can be achieved by adequate dose
distribution between irradiation stages [78].

The dose dependence of NOX removal for a single irradiation process vessel is given by the
equation:

7 N O >= 100[(NOX)O - (NOX),]/(NOX)0 = ki[l - exp(-K2D)] (36)

where:

(NOX)0 - concentration of NOX at the inlet to process vessel,
(NOx)i - concentration of NOX after the first stage of irradiation,
D - dose absorbed in process vessel.

K2 = k2/(NOX)0 (37)

ki, k2 - constant process parameters
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For a two-stage exposition we obtain:

a = 100[(NOx)o - (NOX)2]/(NOX)0 = 100- 0.01yeyf (38)

where:

a - NOX removal efficiency,
(NOX)2 - concentration of NOX after the second stage of irradiation

Yc = 100-Ki[l - exp(-K2Dx)] (38a)

Yf = 100 -Ki[l - exp(- K2Dy/0.01ye)] (38b)

x - dose delivery ratio at first stage,
y - dose delivery ratio at second stage,
x + y = 1 for double irradiation

In the case of three-stage irradiation process vessel

a = 100[(NOX)0 - (NOX)3]/(NOX)0 = 100 - 0.0001yby«yd (39a)

where:
a - NOX removal efficiency,
(NOX)3 - concentration of NOX after the third stage of gas irradiation by an electron beam

Yb = 100 - Ki[l - exp(-K2Dx)] (39b)

Ye = 100 - Ki[l - exp(K2Dy/0.01yb)] (39c)

Yd = 100 -Ki[l - exp(K2Dz/0.0001ybye)] (39d)

x - dose delivery ratio at first stage,
y - dose delivery ratio at second stage,
z - dose delivery ratio at third stage,
x + y + z = 1 for triple irradiation

For uniform dose delivery x = y = z = - .

A comparison of the experimental data for a single-stage and two-stage irradiation indicates
good agreement. The case of three-stage irradiation concerns only the data theoretically
calculated since at the pilot plant only the cases of single-stage and two-stage irradiations can
be studied.

A deeper analysis of the multistage process of the flue gases exposition by an electron beam
revealed that in the case of NOX removal a non-uniform power distribution of the accelerators
at the successive stages will provide further energy savings.

An optimal distribution of the electron energy dose supplied to the gas has been calculated
using the dependences for NOX removal after its two-stage and three-stage exposition by an
electron beam of a given energy.
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The Hook-Jeeves procedure has been applied to find a minimum value of the aim function
defined as:

0 , K,, k2, D) = f\ 100 - a(T, K,, k2, D) | dD
(40)

where:

ftT, Ki, k2, D) - the aim function,
a ( r , Ki, k2, D) - degree of NOX removal (the model curve),
T- vector of the searched parameters,
T~ [x»y] - for the two-stage gas exposition,
T= [x,y,z] - for the three-stage gas exposition,
D - dose (variable parameter),
Ki, k2 - constant process parameters,
Dg - upper limit of D variation.

From the analysis the following conclusions can be drawn:
- for the two-stage gas exposition by an electron beam the optimal ratio of the dose delivery

is: x = 0.56, y = 0.44,

- for the three-stage irradiation: x = 0.394, y = 0.332, z = 0.274.

The experiments have confirmed theoretical computations. However, the energy savings in
the case of non equal stage irradiation are not so significant as in the case of the substitution of
the single-stage irradiation by the two-stage one.

3.3. Pilot plant at Chubu EPC

A pilot plant was built in the site of Shin-Nagoya Thermal Power Plant of Chubu Electric
Power Company. The test was conducted from November 1992 to December 1993. The main
purpose of the test was to obtain engineering data for the designing of a full scale plant [79].

A flow chart of the plant is shown in Fig. 25. A pulverized-coal-firing-boiler was exclusively
operated to produce gas (12000 Nm3/h) for the test. The burning condition of the boiler was
regulated to get expected NOX concentration. Powdered sulfur was burned with coal to control
the SO2 concentration in the flue gas. After removing fly ash with a dry electrostatic
precipitator (ESP), the flue gas was cooled down to 1IO°C by a gas-gas heat exchanger
(GGH), and cooled again by sprayed water to any temperature between 55 to 110°C in a
towering spray cooler (SC). The sprayed water was perfectly evaporated in the cooling tower
30 meters high.

The high energy electrons from three electron accelerators were introduced to the flue gas
in a process vessel (PV) through two titanium window foils. After the addition of ammonia, the
accelerators were set on line during the first period of the test (one side irradiation), whereas
the following period of the test, the center accelerator was moved to another side of the
process vessel (both side irradiation) to compare the effect of the uniformity of dose
distribution in the process vessel on NOX and SO2 removal efficiency.
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The byproduct was collected by the combination of an ESP and bag filters in a baghouse.
SO2 removal efficiency showed a strong dependence on temperature which is presented in Fig.
26. The dose of 8 kGy was enough to achieve 95% SO2 removal at the 62-64°C outlet
temperature. NOX removal was strongly dependent on the initial NOX concentration (Fig. 27)
and not very much affected by temperature changes. For 80% removal of NOX, 8 kGy was
enough at the NOX inlet concentration 160-180 ppm, where the dose 10.5 kGy was necesary to
achieve the same efficiency at 200-220 ppm.

The aerosol produced was composed of very fine particles with a concentration 3.1-3.3
g/Nm3. The ESP demonstrated 99.5% removal efficiency and the outlet paniculate
concentration was 10-22 mg/Nm3, an additional bag filter gave a final aerosol concentration of
0.4 mg/Nm3 (total removal efficiency 99.99%).

3.4. Previous pilot plants

The most meaningful for further technology development was PDU (pilot demonstration
unit) constructed by Ebara International Corporation at the Indianapolis Power and Light
Company's EW [80].

The process flow diagram is given in Fig. 28. A sidestream of flue gas from the coal-fired
boiler is extracted, analyzed for sulfur dioxide and nitrogen oxides content and fan drafted to
the inlet of the spray cooler. As the gas passes through the cooler, atomized water is sprayed
into gases to reduce its temperature to optimum levels in preparation for irradiation. Specially
designed controls enable cooling of the gases down to 16 degrees C above of the water dew
point without wet bottom operation of the cooler. An upstream ammonia injection port is
located in the flue gas ductwork just prior to the entry of the cooled flue gas into the process
building.

In addition to the process vessel, the process building also houses all the electron beam
equipment. A cutaway of the building is also shown in Fig. 29. The electron beam system used
in the PDU consists of two 80 kW units operating at 800 kV. Each unit has a dedicated power
supply consisting of an insulating core transformer and DC auxiliary equipment taking
conventional 460 volt, three phase power as service power. Each power supply is cable connected
to its electron accelerator/scanner package. This package is mounted integrally on a rolling cart
and track system which includes a concrete "plug" door as part of the protection against
generated secondary x-rays. This arrangement was adopted to allow maximum serviceability of
the electron beam while retaining the overall smallest process vessel/e-beam package for an
aboveground plant concept. The two guns are horizontally opposed and vertically offset to
provide maximum flue gas energy absorption. Since this absorbed energy is the beam delivered
energy minus its transmittance and scattering losses, for constant accelerating voltages and flue
gas flowrates the dose rate is always proportional to the total beam current. An Ebara designed
secondary window foil system separates the primary window foil in the scanner from the
contact with abrasives and corrosives in the flue gas. The secondary window foil also allows
the exchange of a failed secondary window foil by remote control with a minimum of off-line
time.

After the inlet ductwork enters the process building vault area, the flue gas flows into the
process vessel inlet. As a final preparation before entering the irradiation zone, the flue gas
mixture is further humidified by the Pre-Reaction Gas Cooling (PRGC) system which again
uses atomized water droplets to control the gas temperature rise associated with the exposure
to the electron beam as well. Once in the irradiation zone, the humidified gas mixture is subject
to an intense field of energized electrons which collide with the flue gas molecules resulting in
molecular ionization. These ions interact with the flue gas constituents resulting in the creation
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of free atoms and radical species such as 0 and OH. These are capable of rapid reaction with
sulfur dioxide, nitrogen oxides and water in the flue gas to ultimately yield a mixture of fine
mist and vapor of sulfuric and nitric acids in the process vessel which in turn is neutralized
when mixed with the injected ammonia vapor. As the mixture exits the process vessel, it passes
through the secondary downstream ammonia injection port and enters the retention chamber.
At this point the ammonium sulfate and ammonium nitrate-sulfate particles have already started
to form.

Passing through the retention chamber, the ammonia sulfate and ammonium nitrate-sulfate
crystals in the treated flue gas are allowed to agglomerate to the appropriate size required for
efficient removal by the baghouse. In the baghouse, this product is separated from the flue gas
with the now clean flue gases reinjected back to the boiler stack through the induced draft fan.
The collected product powder is pneumatically transported from the baghouse hoppers
through the insulated lines for storage in a heated silo for removal off-site.

The main parameters of the flue gas stream treated were:

Flow volume: 6400-8000 m3/h

Temperature: 149-166 °C

Sulfur dioxide concentration: 800-1500 ppmV

Nitrogen oxides concentration: 250-350 ppmV

Test effort has been directed toward studying the many operational variables for the plant to
determine the best way to economically form and collect the fertilizer product. Additionally, it
was desired to determine what was occurring in the various parts of the system, particularly in
respect to the sulfur dioxide removal and ammonia utilization in the process and the ammonia
leakage at the outlet of the scrubber [81,82].

The other pilot plant was constructed in Germany at Reinhafen Dampfkraftwerk by Badenwerk
AG. Flow of flue gases treated was 5000-20000 Nm3/h in the temperature range 65-100°C,
humidity 5-15 vol %.

The concept of the pilot plant is presented in Fig. 30. Both, SO2-rich flue gas and
desulfurized flue gas behind the FGD system were treated. If necessary, the flue gas was cooled
and humidified in a spray cooler and then either cooled or heated in a graphite tube heat
exchanger to set defined process temperatures. The flue gases conditioned in this way were fed
to the reactor through a stabilization train in which NH3 was added. The reactor was equipped
with two electron accelerators located on opposite sides, thus generating a largely uniform
radiation field inside the reactor.

The irradiated flue has passed to a baghouse filter. The product was discharged by pulse-jet
cleaning of the filter-bags. The purified flue gas then passed to the power plant stack.

The installation was equipped with two electron accelerators (2 x 90 kW) with electrons
energy 300 kV. Because of low voltage of courtain type, a linear cathode accelerator single
window (17 micron titanium foil) was applied. It was the main difference between this pilot
plant and the other constructed; in all other cases accelerators with electrons energy higher
than 700 keV were applied. In all other solutions, process vessels were furnished with double
windows systems.

In all the earlier described pilot plants ammonia was used as a reagent for sulfuric and nitric
acids neutralization.

However, Research Cotrell proposed adding of electron beam between the spray dryer,
using limestone as a reagent, and the fabric filter. A scheme of this pilot plant is presented in
Fig. 31 [62].
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3.5. Comparison of solutions applied in different pilot plants

Four industrial pilot plants for flue gases from coal fired boiler have been built all over the
world (Indianapolis, USA; Karlsruhe, Germany; Kawe,czyn, Poland and Nagoya, Japan).

Most of the technological solutions were similar and the main differences concerned the
irradiation vessel construction. The process vessel applied in the four earlier mentioned cases is
presented in Fig. 32 [83].

Dose distribution must be considered during the design of the process vessel. Dose
distribution measured at the EPS Kawe.czyn pilot plant is presented in Fig. 33 [83] and that
measured at the Nagoya pilot plant - in Fig. 34 [79]. It is worth mentioning that only in the
case of the Polish pilot plant the longitudinal gas irradiation was applied which is favorable for
optimum vessel geometry solution. Dose distribution, presented in Figures, which is non
uniform due to the physical properties of electron radiation, is the reason why the multistage
gas irradiation gives a better NOX removal efficiency in comparison to a single step process.
Mixing between the stages causes better energy distribution to volumes control of the gas
flowing through the vessel [84]. A similar result can be obtained through both sided irradiation
which was proved in the Nagoya experiment (Fig. 35) [85].

A comparison of the SO2 and NOX removal efficiency obtained at the different pilot plants is
given in Fig. 36 and Fig. 37.

The tendencies in changes of the curves representing the above functions are similar;
differences in the results obtained were connected with different test conditions.

A higher removal efficiency of NOX (at least at higher process temperatures) is observed for
higher SO2 inlet concentrations (at given dose). The phenomenon can be caused by the NO2
(oxidized NO) absorption in sulfuric acid mist (formed by SO3 increased concentration).
However this phenomenon was not proved in another experiment [86]. It is important to
mention that temperature conditions in the second case were quite different from the first
reported case. However, reports from Indianapolis, USA and Badenwerk, Germany pilot
plants operation have noticed a similar, as the EPS Kawe,czyn pilot, positive influence of the
SO2 inlet increased concentration on the NOX removal efficiency (Fig. 38) [83].

3.6. Byproduct application

An exemplary composition of a byproduct for the coal fired boiler flue gases is given in
Table 11. In principle, the byproduct with a small fly ash content (less then 2%) is equivalent to
a commercial fertilizer - ammonium sulfate. The granulated form has a better value and can be
sold for higher price, so dry granulators are proposed for the byproduct final treatment.

Table 11. Byproduct composition (coal fired boilers), wt %

Pilot plant

Kawe,czyn

Badenwerk

Nagoya

Indianapolis

N(total)

19.5-21.6

19.5

N(NH4+)

19.4-20.7

19.4

NH/
25.4

N(N03)

0.74-1.9

0.74

NCV
5.45

NH4NO3

5

S(total)

25.5

so4
2-

65.6

(NH4)2SO4

95

S(SO4
2*)

24.5
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Another possibility is to use the byproduct as a component of the NPK fertilizer. A test
performed in Poland has proved that a blend obtained with the application of byproduct meets
the standards established for this kind of fertilizers.

Agriculture tests have been performed with a pure byproduct and a byproduct with different
fly-ash content. Results are very positive. The byproduct was registred as a fertilizer in
Japanese Fertilizer Act as well.

The content of heavy metals, e.g. [ppm]:

Pb Cd Cr Hg As
<5 0.5-0.6 1-24 0.025-0.05 0.25-0.39

is much lower than the values allowable for commercial fertilizers which are:

As-50ppm, Cd-140ppm, Pb-140ppm, Hg-2 ppm.

Worldwide consumption of ammonium sulfate is estimated to be aproximately 15 million
tons/year; in the US - 2 million tons/year. It is interesting to note that the demand for fertilizers
containing sulfur will increase in the future.

Researchers believed that S deficiencies could not exist in the industrial countries and, as a
result, few scientists conducted research on the S nutrition of arable crops. Special attention
needs to be given to Brassica crops (Fig. 39) because of their considerable importance for
agriculture in the northern Europe and their high demand for S. The reason for increasing S
deficiency symptoms in Brassica species is based predominantly on the significant reduction of
atmospheric S deposition to agricultural ecosystems during the last decade.

The reduction of the S supply has also caused increased ecological problems because of the
reduction of fertilizer N efficiency in S-deficient crops, resulting in increased leaching of nitrate
into groundwater and probably increased accumulation of surface ozone [86],

4. INDUSTRIAL PROJECTS

Three industrial projects are under development (China, Japan, Poland). The others are planed, for
example in the US [87]. The last project will apply a modem technology based upon the high-power
transformer accelerator (HPTA).

4.1. Industrial project in China

Ebara Corporation, Japan constructed an electron beam desulfurization plant at Seito
Electrical Plant, Sichuan Electric Power Administration [88]. A scheme of the plant is given in
Fig. 40. The installation treats flue gases from a 100 MW coal (2% S) fired boiler. Flue gas
throughput is 300000 Nm3/h and is treated with a 3.2 kGy dose, assuring the 80% SO2 and
10% NOx removal. The inlet concentrations of SO2 are 2000 ppm. Two sets of accelerators,
800 keV and 400 mA, are applied. The byproduct fertilizer production rate is approximately
2470 kg/h.
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4.2. Industrial project in Japan

Construction of another plant has started in Nishi-Nagoya Thermal Power Plant which
belongs to Chubu Electric Power Company, Inc. The installation will treat 620000 Nm3/h flue
gases emitted from a 220 MWe boiler [88].

4.3. Industrial project in Poland

The experience gathered during laboratory and pilot plant tests has allowed the preparation
of a full scale industrial plant design. The plant will be built in the Electropower Station
Pomorzany ("Dolna Odra" Group). The flow rate of the gas will be 270000 Nm3/h [89]. The
flue gas purification will treat flue gases from the block which consists of two Benson type
boilers of power 56 MWe each supplying additional steam for heating purposes up to 40 MW
each. The boilers will be reconstructed during the flue gas treatment plant construction, to
reach the power 60 MWe and 100 MW* each. Annual operating time is 6500 h/year of
equivalent to full-load operation. A scheme of the industrial electron beam plant is presented in
Fig. 41. The boilers fire pulverized bituminus coal that has the following characteristics: caloric
value 22820 kJ/kg, sulfur content 0.72-0.8%, ash content 21.8%, moisture content 7.8%. The
boilers are equipped with modern four zone electrostatic precipitators with a fly-ash removal
efficiency of 99.8%. The emission of SO2 and NOX has to meet the Polish standards which will
be 870 g/GJ and 170 g/GJ, respectively. The local ambient air standards must be observed as
well. The guaranteed removal efficiency must be equal to a minimum of 80% for NOX and 70%
for SO2. However, the efficiencies possible to obtain are 80 and 95%, respectively. This range
allows to operate the installation at a quite high (over 100°C) stack temperature.

The flue gas will be humidified up to 10% by volume, in a dry bottom spray cooler. Then
ammonia will be injected before two parallel irradiation vessels equipped with two 300 kW,
800 kV accelerators installed in the series (Kaw?czyn pilot plant's solution). The longitudinal
gas irradiation will be applied. The finally formed aerosol will be collected in a dry ESP with a
flat heated bottom furnished in the scraping device. The manufacturers guarantee a high
removal efficiency (particulate at the outlet less than 20 mg/Nm3) and corrosion resistivity of
the equipment. The product will be granulated.

The ammonia consumption is estimated to be 180-200 kg/h and the byproduct yield ca. 800
kg/h. High power accelerators have to be applied in such big systems [90].

Two accelerators 2 x 2 x 300 kW (two HVS plus two heads each) with 800 keV electrons
energy will be applied.

5. CONCLUSIONS

The tests performed on laboratory installations and pilot plants resulted in the preparation of
industrial plants design. All the technical and economical analyses proved the advantages of this
technology over the conventional nowadays used technologies.

The designed flue gas treatment plant with the 1.2 MW beam power will be the biggest
radiation processing unit all over the world.
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Fig. 3. Electron tracks in a flue gas treated (Monte Carlo calculations for irradiation chamber
at the pilot plant - EPS Kawfczyn).

Note - vessel position is reversed 180° at the figure.
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Fig. 5. Dose dependence of SO2 concentration upon gas-phase oxidation of SO2,
as calculated by kinetic scheme (1) and (2)

Experimental points are from reference (Tokunaga and Suzuki, 1984).
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Fig. 8. Sulphuric acid dew point in flue gas as a function of SO3 concentration and humidity.
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Fig. 9. Temperature dependence of SO2 reaction with ammonia
(simulated gases). Initial concentration with water; 0% (•), 3% (V), 5% (o), 7% (o), 10% (•) ,
15% (0), 20% (A). Initial concentrations: SO2 (600 ppm), NH3 (1200 ppm), NO (225 ppm),

O2 (10%) and N2 (balance)
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Fig. 10. Temperature dependence of thermochemical reaction for real flue gases
(coal fired power plant).
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Fig. 11. Dependence of toluene and freon 13 destruction on dose.
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Fig. 12. Energy required for different organic compounds destruction.
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Fig. 13. Laboratory unit for eb gas treatment.
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Fig. 19. Control and monitoring system of the pilot plant.
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Fig. 23. Influence of electrons energy on NO* removal efBciency
(at pilot plant geometric conditions).
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Fig. 24. Photographs illustrating electrons penetration range (ionization plume).
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Fig. 25. Flow chart of the pilot plant at Chubu Electric Co., Nagoya.
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Fig. 29. Building crossection (accelerators housing).



Fig. 30. Pilot plant at Reihafen Dampflcraftwerk, Karlsruhe.
1 - Graphite heater; 2 - Radiation shield; 3 - Addition of ammonia/air mixtute;

4 - Electron processor; 5 - Impact filter; 6 - End product; 7 - Exhaust.
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Fig. 31. Pilot plant at TVA.



Fig. 32. Process vessel geometry for different pilot plants: a) - Indianapolis, b) - Karlsruhe,
c) Kaw?czyn, d) Nagoya.

Fig. 33. Dose distribution in process vessel at the Kawe.czyn pilot plant.
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Fig. 34. Dose distribution in process vessel at the Nagoya pilot plant.
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Fig. 35. NOX removal efficiency for both sides gas irradiation.
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Fig. 36. NOX removal efficiency obtained at different pilot plants:
1 - Indianapolis, USA (NOX = 270-390 ppm, SO2 = 800-1500 ppm, U = 80-85°C,

RNH3= 0.8-1.17),
2 - Badenwerk, Karlsruhe (NOX = 250-450 ppm, desulfurized gas, t = 70°C, RNH3= 0.7-1.5);

3 - Kaweczyn , Poland (NOX = 150 ppm, SO2 = 300 ppm, t= 70°C, RMC= 0.8);
4 - Nagoya, Japan (NOX = 200-220 ppm, SO2 = 650-950 ppm, W = 63-72°C).
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Fig. 37. SOX removal efficiency obtained at different pilot plants:
1 - Indianapolis, USA (SO2 - 800-1500 ppm, RNTO = 0.84-1.17, t = 74-77°C);

2 - Badenwerk (SO2 - 300 ppm, RNHS = 1, W = 70°C, H2O = 7-12%);
3 - Kaweczyn, Poland (SO2 -1000 ppm, RNH3 = 0.75, tm = 70°C, H2O = 5 vol%);

4 - Nagoya, Japan (SO2 ~ 700-850 ppm, outlet temperatures given in figure).

100

1000 1500 2000 2500 3000
S0a[ppm]

Fig. 38. Influence of SO2 concentration on NOX removal efficiency:
1 - Indianapolis, USA (NOX = 290-410 ppm, RNHS = 0.95-1.3, t = 83-91°C, 18-20 kGy);

3 - KawQezyn, Poland (NOX =135 ppm, RNHS: 0.6-0.75, 11.5 kGy).
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Fig. 39. Sulphur deficit in brassica leaves observed in Germany.
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Fig. 40. Scheme of the Ebara demonstration plant constructed in Seito Electrical Plant, Sichuan.
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Fig. 41. Scheme of industrial plant at EPS Pomorzany, Szczecin.


