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PROCEDES DE TRAITEMENT PAR RAYONNEMENT POUR LA LIMITATION

DES EMISSIONS DE NO /SO,: BREF EXAMEN

par

Lawrence W. Dickson et Ajit Singh

RESUME

Dans ce rapport, on examine brievement l'emploi du rayonnement
pour le traitement des gaz de combustion et on identifie les secteurs dans
lesquels il y a lieu de faire de la recherche complementaire.

On a mis au point deux procedes de traitement par rayonnement pour
I1extraction des oxydes d'azote et de l'acide (anhydride) sulfureux des gaz
de combustion de chaudieres au charbon. Dans la technique mise au point par
Ebara Corporation et Japan Atomic Energy Research Institute, on injecte de
1'ammoniac avant la phase d1irradiation pour augmenter le rendement du pro-
cede et obtenir un produit solide de sulfate d1ammonium - nitrate d'ammonium
qu'on peut utiliser comme engrais. Le procede mis au point par Research-
Cottrell Corporation utilise 1'irradiation au faisceau d'electrons en aval
d'un secheur a chaux par pulverisation pour extraite les oxydes d'azote et
augmenter le rendement d'extraction de l'acide (anhydride) sulfureux. Ces
deux procedes demandent de grandes quantites de puissance de faisceau elec-
tronique et doivent etre actuellement plus couteux que d'autres techniques
disponibles de limitation d'emissions d'acide (anhydride) sulfureux. Les
reglements actuals de limitation d'emissions en Amerique du Nord ne deman-
dent pas le haut degre d'extraction d'oxyde d'azote assure par les procedes
de traitement par rayonnement. La recherche sur la reaction directe de
1'ammoniac avec l'acide (anhydride) sulfureux, l'oxydation radiolytique en
phase aqueuse des oxydes d1azote et de l'acide (anhydride) sulfureux, l'oxy-
dation radiolytique des NOX/SO2 en champs electriques peut conduire a la
mise au point de procedes plus economiques de traitement des gaz de combus-
tion par rayonnement.
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RADIATION PROCESSES FOR THE CONTROL OF N0x/S02 EMISSIONS:
A BRIEF REVIEW

by

Lawrence V. Dickson and Ajit Singh

ABSTRACT

This report provides a brief review of the use of radiation for
the treatment of flue gases and identifies areas for additional research.

Two different radiation-based processes have been developed for
the removal of nitrogen oxides and sulphur dioxide from the flue gases of
coal-fired boilers. In the technique developed by the Ebara Corporation
and Japan Atomic Energy Research Institute, ammonia is injected prior to
the irradiation step to enhance the process efficiency and to yield a solid
ammonium sulphate - ammonium nitrate product that may be used as a
fertilizer. The process developed by the Research-Cottrell Corporation
uses electron-beam irradiation downstream of a lime spray dryer to remove
nitrogen oxides and to enhance the sulphur dioxide removal efficiency.
Both of these processes require large quantities of electron-beam power and
are currently expected to be more expensive than other available sulphur
dioxide emission control technologies. Present emission control
regulations in North America do not require the high degree of nitrogen
oxide removal provided by the radiation-based processes. Research into the
direct reaction of ammonia with sulphur dioxide, the aqueous-phase
radiolytic oxidation of nitrogen oxides and sulphur dioxide, the radiolytic
oxidation of NOK/SO2 on solid sorbents, and the radiolytic oxidation of
NO^/SOj in electric fields may lead to the development of more economical
radiation treatment processes for flue gases.
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1. INTRODUCTION

The control of acid rain precursor emissions is one of the

greatest environmental challenges facing coal burning and ore smelting

industries today (Record et al. 1982, Elliott and Schwieger 1984). There

is a growing body of evidence indicating that the acids formed in the

atmosphere from nitrogen and sulphur oxide emissions may have detrimental

effects on sensitive ecological systems (Elliott and Schwieger 1984). The

major source of sulphur dioxide emissions is stationary fuel combustion,

e.g., coal-fired boilers and ore smelting operations, while stationary and

mobile sources contribute almost equally to nitrogen oxide emissions.

Implementation of emission controls on the stationary sources may be easier

than controlling emmission of mobile sources in the short term.

Consequently, a large amount of recent research and development work has

been directed towards various technologies for the removal of the acidic

deposition precursors from stack gases (Elliott and Schwiegeir 1984,

Satriana 1981, Yaverbaum 1979).

Because of the perceived hazards to the environment from acidic

deposition, emission control legislation has been enacted in a number of

countries (Elliott and Schwieger 1984). The new source performance

standards enacted in the United States call for a reduction in the sulphur

dioxide emissions from coal-fired utility boilers of 70 to 90%, depending

on the level of the uncontrolled emissions. The Federal Republic of

Germany has set a target stack gas sulphur dioxide concentration of

140 uL/L, with a ten-year compliance period for both new and old plants.

Canada has recently implemented a program to reduce the overall quantity of

sulphur dioxide emitted by 50% over the next few years. More stringent

sulphur dioxide/nitrogen oxide emission control legislation is expected in

the future. These developments are occurring in an economic, and political

climate that is encouraging the use of coal as an energy source.

Several different technologies for the control of nitrogen and

sulphur oxide emissions from coal-fired electrical generating stations are

currently available (Elliott and Schwieger 1984, Sachdev 1988,



Satriana 1981, Yaverbatim 1979). Of these only the vet lime/limes tone flue

gas desulphurization (FGD) technique for sulphur dioxide emission control

has seen extensive implementation at the utility scale in the United

States. In the FGD technology, a slurry of lime, or limestone, in vater is

injected into the flue gas stream in a spray tower. The sulphur dioxide in

the flue gas reacts with the lime slurry and produces a mixed calcium

sulphite/calcium sulphate sludge. The major drawbacks associated with the

FGD technology, such as low process unit availability, the need for

reheating the stack gas and sludge disposal problems, have led the

utilities to consider alternative emission control strategies.

Coal cleaning is suitable for removal of most of the ash and the

inorganic sulphur but yields only about a 30£ reduction in the sulphur

emissions. Coal switching and coal blending are only effective in regions

where supplies of low-cost, low-sulphur coal are available and local

employment considerations permit the use of these alternative sources of

supply. Limestone-injection, multistage-burner technology can achieve 902

sulphur dioxide and modest, about 20%, nitrogen oxide emission reductions,

but a substantial amount of excess limestone is required to obtain this

high efficiency. The spray-drying technique (unlike regular wet FGD)

produces a solid product for disposal, but the efficiency ol this process

appears to drop for high sulphur dioxide concentrations in the flue gas.

The dry sorbent injection method is apparently only practical in the

western United States, where plentiful supplies of the required sorbents

(sodium carbonate or bicarbonate) are available locally. The fluidized bed

combustion (FBC) and integrated gasification-combined cycle (IGCC)

technologies offer the potential for greatly reduced nitrogen and sulphur

oxide emissions, but these technologies have not yet been fully tested on a

large scale. The FBC technology has problems with excessive limestone

consumption and increased unburned carbon. The IGCC process: provides

excellent emission control but may be a very expensive technology to

implement. The only nitrogen oxide removal techniques currently available

are the selective catalytic reduction process and Exxon's thermal deN0x

process. Both of these processes use ammonia to reduce nitrogen oxides to

elemental nitrogen and thus their economics depend on price fluctuations in
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the natural gas and fertilizer industries. In these processes, sulphur

dioxide does not react significantly with the injected ammonia because

ammonium sulphate and ammonium sulphite are unstable at the temperatures

employed.

It would appear that there are still opportunities for the

development of alternative processes for the control of nitrogen and

sulphur oxide emissions from coal-fired electrical generating stations, as

is evident from the considerable ongoing R&D effort in this field (Cobb and

Joubert 1985). One area of particular interest is in the development of

processes capable of both nitrogen and sulphur oxide emission reductions of

90% or greater. Of the techniques that have been demonstrated on a large

scale, only the FBC and IGCC technologies are currently capable of

simultaneous nitrogen and sulphur oxide emission reductions at this level.

Given the potential difficulties with these technologies, there would

appear to be scope for further research into novel combined SO2/NOX

emission control techniques. The characteristics of an ideal emission

control technology would include minimal capital investment, low inputs of

energy and chemical reagents, low maintenance, and a saleable by-product

with a large potential market.

Two radiation-based processes for the removal of N0x and SO2 from

boiler flue gases have been developed (Kawamura and Shui 1984, Helfritch

and Feldman 1984). The purpose of this report is to survey the recent

literature on these processes and to identify areas for research with

potential for significant enhancement of the high-energy radiation

utilization efficiency.

2. CURRENT RADIATION FLUE GAS TREATMENT PROCESSES

2.1 EBARA/JAERI PROCESS

One of the more promising alternative N0x/S02 pollution control

techniques has been studied by the Ebara Corporation and the Japan Atoaic
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Energy Research Institute. They have carried out extensive research into a

flue gas treatment process based on electron beam irradiation (Tokunaga and

Suzuki, 1984; Kawamura and Shui, 1984). A pilot-scale demonstration was

performed using a slip stream of the stack gases from an iron ore sintering

plant in Japan (Kawamura and Shui, 1984) and a 5 MW-equivalent process

demonstration unit is in operation at a coal-fired electrical generating

station in Indianapolis, Indiana (McKnight et al., 1985; Frank et al.,

1985a, 1985b and 1987). In the Ebara flue gas treatment process, 1)

ammonia and water are injected into the flue gas stream following the fly

ash removal system, 2) this mixture is then subjected to electron beam

irradiation, 3) the solid irradiation products are collected by a

particulate removal system and 4) the cleaned flue gas is vented to the

stack (see Figure 1). The process chemistry has been summarized as

follows:

flue gas + radiation > H02 •, 'OH, 0 (1)

SO- + free radicals > H2S04 (2)

N0x + free radicals > HN03 (3)

2NH3 + H2SO4 > (NH4)2SO4(S) (4)

NH3 + HN03 > NH4NO3(S) (5)

The irradiation of a flue gas containing nitrogen, carbon dioxide, water

and oxygen as major constituents produces reactive hydroxyl and

hydroperoxyl free radicals and oxygen atoms. These reactive species

oxidize the nitrogen and sulphur oxides to nitric and sulphuric acids. The

acids then react with ammonia to form a mixed solid containing ammonium

nitrate and ammonium sulphate, which may be used as a component in solid

fertilizers. The major advantages of the Ebara flue gas treatment process

include simultaneous N0x/S02 removal, liquid and gaseous process streams

(no slurries), potentially saleable by-product (fertilizer) and no

requirement for stack gas reheating. Two of the major uncertainties

associated with this process are the potentially high electron accelerator

capital costs and the ammonia reagent costs.
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2.2 RESEARCH-COTTRELL PROCESS

Another electron-beam flue gas treatment method has been proposed

by the Research-Cottrell Corporation (Bush et al. 1980, Gleason and

Helfritch 1985, Helfritch and Feldman 1984). The Research-Cottrell process

employs an electron-beam irradiator and subsequent particulate collector to

enhance the efficiency of spray drying for S02 emission control and to

provide simultaneous removal of nitrogen oxides (see Figure 2). The

process chemistry consists of Reactions (1), (2) and (3) plus the

following:

S02 + 1/2 02 + Ca(0H)2 > CaS04 (6)

H2SO4 + Ca(0H)2 > CaS04 + 2H2O (7)

2HNO3 + Ca(0H)2 > Ca(NO3)2 + 2H2O (8)

About 50% of the sulphur dioxide initially present in the flue gas

reacts with the lime slurry in the spray dryer. Enough of the dry, slaked

lime produced in the spray dryer passes on into the electron-beam

irradiation zone to react with the acids produced by radiolytic oxidation

of N0x and S02 to form solid calcium sulphate and calcium nitrate. These

reactions continue in the filter cake of the fabric filter. The solid

products of this process would be disposed of at a landfill site. The lime

use in the spray dryer drops with increasing sulphur dioxide concentration

in the flue gas because of formation of an impermeable coating of calcium

sulphate on the lime particles, thus reducing the economic advantage of the

spray-drying technique compared to the wet FGD process for high-sulphur

coal flue gases. The inclusion of an electron-beam irradiator following

the spray dryer enhances the reactivity of S02 with the lime particles by

oxidizing the S02 to H2SO4. Pilot-scale tests of the Research-Cottrell

electron-beam flue gas treatment process were completed recently (Gleason

and Helfritch 1985).



- 6 -

3. DISCUSSION

The economics of the Ebara process appear to be competitive with

those of the vet FGD process, with the added benefit of simultaneous

nitrogen oxide removal, if the accelerator capital costs are; reduced to

about $1.50/W by assembly line production techniques (Bush et al. 1980,

Troupe 1983). If a fertilizer manufacturer provides the ammonia and

accepts the by-product without charge, as is occurring at the Indianapolis

demonstration unit, the cost of the Ebara process is expected to be about

50% less than the combination of wet limestone FGD and catalytic N0x

reduction (McKnight 1985). However, both of these assumptions may be

questioned.

Workers with experience in accelerator technology at the Chalk

River Nuclear Laboratory doubt that the cost of the 0.8 MeV electron

accelerators could fall much below $4.00/W (J. McKeown private

communication). This accelerator cost increases the process: cost to about

22 mills/kW-h, which is comparable to the cost of the combination of wet

limestone FGD and catalytic N0x reduction. The use of 0.3-MeV electron

accelerators for the Ebara process is being tested at the pilot-and

demonstration-scales in Germany (Fuchs et al. 1987, Jordan and Schikarski

1987). The lower cost per unit power and reduced shielding requirements of

the 0.3-MeV accelerators may improve the economic viablity of the Ebara

process.

The by-product output from a single 500-MW(e) coal-fired

electrical generating station burning h% sulphur coal and employing the

Ebara process for flue gas treatment would equal about half of the 1976

U.S. production of ammonium sulphate (Chemical Marketing Reporter, 1976).

A plant burning lower sulphur coal would produce proportionately less by-

product, with a higher value as a fertilizer and a larger market volume

because of its higher nitrogen (ammonium plus nitrogen oxides) to sulphur

tatio. Changes in the costs of electron accelerators or fertilizer prices

and market volumes will strongly affect the competitive position of the

Ebara process relative to other flue gas treatment processes.
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Both the Ebara and Research-Cottrell electron-beam flue gas

treatment processes require large amounts of electron-beam radiation to

effect simultaneous 90% N0x removal and 90X S02 removal. Thus the

projected electron accelerator capital costs make up approximately 502 of

the total direct capital investment for both processes (Gleason and

Helfritch, 1985; McKnight et al. 1985). Large savings could be realized if

the efficiency of use of the electron-beam power could be improved.

Efficiencies about 10 to 100 times higher than those obtained in

the Ebara and Research-Cottrell processes have been observed by Russian

workers in studies of the radiolytic oxidation of S02 in acidic MnS04

solutions (Pikaev, 1983). These workers suggest that the process is only

applicable to the treatment of smelter flue gases because the chain

reactions are terminated by iron(II) ions that may be formed when fly ash

dissolves in the acid solution. However, other work suggests that many

transition metal ions are themselves catalysts for S02 oxidation (Hegg and

Hobbs, 1978). A further investigation of radiolytic oxidation in acidic

solutions is needed to determine whether the simultaneous removal of

nitrogen and sulphur oxides from flue gases of coal-fired electrical

generating stations may be efficiently achieved by such a process. An

aqueous phase NOX/SO2 radiolytic oxidation process has the potential of

requiring 10 to 100 times less electron-beam power than the radiation

treatment techniques currently demonstrated, thus drastically reducing the

capital and operating costs. The by-product of this process would ideally

consist of a concentrated solution of nitric and sulphuric acids, which

could be sold on the industrial acid market. If the by-product acid is not

concentrated enough for industrial use, it could be reacted with crushed

(not powdered) limestone to produce gypsum for sale or disposal.

A number of different studies of the radiolytic oxidation of

sulphur dioxide in aqueous solutions have been performed (Gupta and Suseeka

1986, Hayon et al. 1972, Hegg and Hobbs 1978, Huie and Neta 1984). The

proposed mechanism for this process is as follows (Hayon et al. 1972):
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so2 + o2* > scy (9)

S02 + H20 > H2SO3 > H+ + HSOj- (10)

S04
T + HSO3- > HSO4- + S03

T (11)

S03
T + 02 > S05* (12)

S05
T + HSO3" > HS04" + S04

T (13)

The superoxide anion (02
T), produced by electron attachment to dissolved

oxygen, reacts with sulphur dioxide to produce the S04
T radical anion. The

S04
T radical anion undergoes a proton transfer reaction with the bisulphite

anion (HSO3"), formed by the dissociation of sulphurous acid, to produce

HSO4~ and S03
T. The S03

T radical anion reacts with dissolved oxygen to

produce S05
T, which in turn reacts with more bisulphite anion to form

another bisulphate ion and to regenerate the S04
T radical anion. The

overall result is the oxidation of sulphur dioxide to sulphuric acid by a

chain mechanism:

2S02 + 2H20 + 02 > 2H2S04 (14)

Since the radiolytic oxidation of S02 in aqueous solution proceeds by a

chain mechanism, this process has the potential to be orders of magnitude

more efficient than the direct radiolytic oxidation of S02 in the gas

phase. It may also be possible to oxidize nitrogen oxides to nitric acid

in this aqueous phase catalytic process.

Research into the direct reaction of sulphur dioxide with ammonia

also has the potential for reducing the electron-beam power requirements

for flue gas treatment. A reaction scheme incorporating direct reactions

of NH3 and S02 in water droplets suspended in the flue gas has been

presented by Busi et al. (1987). Detailed studies of the direct reaction

of ammonia and sulphur dioxide could lead to the optimization of conditions

under which the reaction would give higher yields. This research could, in

turn, lead to the development of a flue gas treatment technology with

greatly reduced electron beam power requirements.
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The reaction of ammonia and sulphur dioxide has been studied

extensively (Haber et al. 1975; Hartley and Matteson, 1975; Landreth et al.

1975; Meyer et al. 1980a and 1980b; Vance and Peters, 1976) but most of the

fundamental work has been done at temperatures less than 50°C. At these

temperatures, the reaction proceeds quite quickly, with solid ammonium

sulphate as the dominant product (in the presence of adequate quantities of

oxygen and water vapour). Ammonium sulphite is the dominant product

observed in larger scale work performed at the higher temperatures, typical

of coal-fired boiler flue gases (Cann, 1971; Mascarello et al. 1969; Shale

et al. 1971). Ammonium sulphate is suitable for use as a fertilizer, but

ammonium sulphite is not. Future research on this reaction should focus on

identifying conditions that favour the formation of ammonium sulphate at

the flue gas temperatures. This process would have a limited market for

its product, similar to that of the Ebara process. Previous studies have

focussed on regenerating ammonia from the ammonium sulphite to reduce costs

(Cann, 1971; Mascarello et al. 1969; Shale et al. 1971).

Another avenue for future research would be to study the

enhancement of the efficiency of NOX/SO2 oxidation catalysts in a radiation

field. Russian workers have observed a higher rate for the gasification of

coal with steam in the presence of ionizing radiation (Mustafaev and

Bakirov, 1984). A similar rate increase is a possibility in the radiation-

catalytic oxidation of nitrogen oxides and sulphur dioxide adsorbed on a

suitable catalyst. Such a rate increase could allow the N0x/S02 removal to

be performed downstream of the fly ash collector; in that case, the

lifetime of a fixed catalyst would be extended as a result of reduced

fouling. Alternatively, adsorbents that are catalytically active for

N0x/S02 oxidation when in a radiation field could be suspended in the gas

stream. Tokunaga et al. (1985) observed enhanced removal oi S02 and N0x

when powdery silica, with a specific surface area of 92.6 m^g"1 and a size

range of 1 to 100 urn, was fed together with the simulated flue gas mixture

through the irradiation zone. Similar removal enhancements were observed

when diatomaceous earth was entrained in the flue gas at the Indianapolis

demonstration unit (Frank et al. 1987). Further research is: needed to

identify better catalytic adsorbents as the quantities of adsorbent used in

these tests would appear to be excessive.
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Leonhardt and co-workers (Boes et al. 1983, Leonhardt 1984 and

1986, Boes 1987) have observed increased efficiencies of the radiolytic

oxidation of sulphur dioxide in the presence of (uniform) electric fields

between 101 and 102 V-cnr1 and between 103 and 3 x 104 V-cnr3. This work

was performed in inert carrier gases (nitrogen and argon) with parts per

million (mg/m3) concentrations of sulphjr dioxide, oxygen and water vapour.

Hasuda et al. (1981) have observed an increase in the efficiency of

radiolytic removal of nitrogen oxides in the presence of electric fields of

the order of 103 V-cnr1. The authors of these studies speculate that the

increased efficiency of radiolytic oxidation in electric fields is due to

reactions initiated by radiolytically produced electrons that have been

accelerated by the electric field. Experiments should be performed to

determine whether similarly enhanced efficiencies of radiolytic oxidation

in the presence of electric fields are observed in gas mixtures with

compositions typical of boiler flue gases. Civitano et al. (1987), Nasuda

and Nakao (1986) and Mizuno et al. (1986) have shown that pulsed corona

discharges may also be used to effect removal of N0x and S02 from

combustion flue gases. The chemistry of pulsed corona and electron beam

flue gas treatment is likely to be quite similar but the efficiencies of

the two processes could be different because of the difference in the

energies of the initiating electrons. A similar increase in the efficiency

of N0x/S02 removal to that observed when radiolysis is performed in an

electric field may be observed if a DC bias voltage is used in a pulsed

corona discharge experiment.

4. CONCLUSIONS

The Ebara and Research-Cottrell radiation-based flue gas treatment

processes appear to be both technically feasible and economically

competitive technologies for effecting simultaneous 90% sulphur dioxide and

90% nitrogen oxide removal from coal-fired boiler flue gases. However,

further improvements in process efficiency appear to be possible. Areas

requiring research include 1) the direct reaction of ammonia with sulphur
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dioxide, 2) the aqueous phase radiolytic oxidation of nitrogen oxides and

sulphur dioxide, 3) the radiolytic oxidation of N0x/S02 on solid sorbents,

and 4) the gas phase oxidation of N0x/S02 in electric fields.
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FIGURE 1: Schematic Flow Diagram of the Ebara Electron-Beam Flue Gas
Treatment Process (after Kavamura and Shui 1984)
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