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Abstract

The electron beam induced decomposition of volatile organic compounds (e.g. aromatic

compounds, esters, chlorinated hydrocarbons) and polycyclic aromatic hydrocarbons

(e.g. chlorinated dibenzo-dioxins) in industrial off gas has been investigated by several

research groups in Germany and Japan. The method was shown to be effective for

cleaning the waste gas of a paint factory, the waste air discharged from an automobile

tunnel, the off gas cleaning from a groundwater remedation plant and the flue gas of a

waste incinerator. The electron beam process achieves high removal efficiencies for

volatile organic compounds. Reaction models have been developed, which suggest, the

organic compounds are oxidized by hydroxyl radicals. The electron beam process may

treat very large off-gas volumes at ambient temperatures and has a low energy

consumption. The production of secondary wastes can be avoided or minimized.

Compared to conventional methods the investment and operation costs of the process

seem to be attractive for selected applications.

1 . Introduction

Off gases containing Volatile Organic Compounds (VOC) and Polycyclic Aromatic

Hydrocarbons (PAH) are emitted from industrial solvent applications, automobiles and

incineration processes. Many different compounds must be considered among the

classes VOC and PAH. Some of these compounds e.g. alkenes and aromatic
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hydrocarbons are contributing to the formation of photochemical smog (ozone), some

are highly toxic e.g. polychlorinated dibenzodioxins and -furanes (PCDD/F) from waste

incineration. During the last decade the emission limits for VOC and PCDD/F have been

reinforced in Germany and elsewhere. This has initiated a rapid development of cleaning

processes for off gases and is leading to a change of production processes, to avoid or

minimize the gaseous emissions.

Cleaning processes for most off gases are meanwhile developed and supplied by

industry. Among these are absorption, incineration and biological methods. In general

these methods achieve the required emission limits, but some problems still exist: The

cleaning processes are rather expensive, when compared to the emitting production

facilities. Their energy consumption may be quite high, especially for off gases containing

only low concentrations of VOC. Sometimes new waste is generated by adsorption

processes, if the adsorbent cannot be regenerated. Secondary gaseous emissions may

occur from incineration processes of chlorinated VOC such as HCI, CO and PCDD/F,

which require additional scrubbing of the treated off gas. Certain VOC such as

chlorinated compounds cannot be treated efficiently by biological filters.

Several problems remain to be solved with respect to off gas cleaning, such as the

high costs, high energy consumption and the formation of secondary wastes. This has

promoted the investigation of the application of electron beam (EB) for the cleaning of

industrial off gases other than flue gases from power plants. This paper reviews the state

of this development and the main results. The economics of the process are discussed

and the most promising EB-applications are suggested.

2. Experimental Facilities

Several experimental facilities have been built, to investigate the EB induced off

gas cleaning processes. These plants are listed in Tab. 1.
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Tab. 1: Pilot Plants for EB-Treatment of Industrial Emissions

AGATE

Tokyo Bay EB-

Cleaning Plant

AGATE-M

MINE

Mobile Plant

Operator

FZK

(Germany)

EBARA

Corp.

(Japan)

FZK and

IOM

(Germany)

IOM

(Germany)

Zapit

Technology

Inc. (USA)

Pollutants

NOx, SO2,

VOC

NOx (VOC)

VOC,

PCDD/F

CHC

CHC

CHC

Applications

Tunnel Off Gas

Solvent

Emissions,

waste

incinerator, site

remediation

Site remediation

Site remediation

Flow Rate

[m3h-1]

1,200

50,000

1,000

300

?

operation

since 1989

1991-3

since 1994

since 1995

since 1992

Some of these EB-plants are stationary such as the AGATE of FZK and the Tokyo

Bay plant of EBARA Corp. For development and for demonstration of the EB-technology

the mobile plants of FZK [1] and IOM were built. These plants have been used for the

VOC-removal from the off gas of a paint factory, a waste incinerator and for the air

discharged from a ground water remediation plant. Zapit Inc. (USA) has patented a

mobile EB facility and offers their service to industrial customers in the field of site

remediation [2].
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The plants of FZK and IOM are built in a similar way. The off gas is introduced into an

reaction chamber interfaced to an electron accelerator. The accelerated electrons ionize

the air and the pollutants are oxidized (acids, CO2, CO). These products are then

collected by dry bag filter or by wet product scrubbers. In a final stage an active coal filter

is installed to remove excess ozone. The AGATE-M plant (Fig.1), which was built jointly

by IOM and FZK has been described previously in more detail [1]. The Tokyo Bay plant of

Ebara uses a 550 keV electron accelerator to treat a flow of 50,000 mN
3 h"1 of tunnel off-

gas [fig. 2]. The tunnel off gas contains NOX and VOC, which are efficiently oxidized by

the EB treatment in the presence of ammonia. The products are trapped by a wet

electrostatic precipitator and an active coal filter. The product of the process is liquid

fertilizer an ammonium nitrate solution.

3. Review of present state

The electron beam irradiation of industrial off gases (flue gas or other) leads to the

formation of ions, radicals, atoms and excited species by radiolysis of the matrix gases

(N2, O2, H2O, CO2). These species further react with O2 and H2O thereby forming OH and

other radicals. The radicals oxidize in fast reaction chains the trace components such as

SO2 , NOX or VOC. The oxidation products nucleate rapidly if their vapor pressure is

sufficiently low to form an aerosol. The reactions occurring in the process therefore

resemble the chemistry, which has been proposed for the formation of the photochemical

smog. A detailed analysis of the gas phase reaction chains has been achieved by the

development of large computer models [3].

3.1. Site Remediation (Chlorinated Hydrocarbons)

The careless handling of solvents in earlier times caused a wide spread ground

water pollution underneath German cities. Besides direct cleaning of the polluted water
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Fig. 1: Mobile off gas cleaning plant AGATE-M [1]
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by absorption or oxidation, degassing or stripping of the water is applied. This process

transfers the volatile chlorinated hydrocarbons (CHC) into the gas phase. The off gas

may be cleaned by activated coal absorption, to remove the CHC. To reach the emission

limits for CHC (10 mg mN"3 ) the coal is exchanged frequently and high costs (e.g. 1 - 5

DM m'3 of cleaned water) have been reported.

Previously several studies had been performed with respect to the direct

irradiation of CHC contaminated water. The treatment of volatile chlorinated alkanes in

air by UV and EB-processing was investigated [4]. The UV- photolysis of

trichloroethylene (TCE) at the wavelength of 222 nm yielded mainly phosgene and

dichloroacetylchloride. These toxic gases must be hydrolyzed completely by alkaline

scrubbing of the treated gas. The reaction proceeds with a quantum yield of 10 for the

TCE decomposition, suggesting a radical chain reaction plays an important role in the

UV-degradation of TCE. Compared to the photolysis the radiolytic destruction of CHC

leads to almost complete mineralization. The radiolysis of TCE (375 mg/m3) with a dose

of 7 kGy produces as main products CO2, HCI and Cl2. The products can be removed

from the off gas by alkaline sorbents in dry or wet scrubbers.

The mobile irradiation plant AGATE-M was installed at a remediation site in

Germany to test the potential of the EB-technology [5] for this application. The polluted

air contained 15.7 mg CHC mN"3, with 1,2-cis-dichloroethene (DCE), TCE and

tetrachloroethene being the major components. At an irradiation dose of 2.5 kGy DCE

and TCE were decomposed to >90% and converted into inorganic products.

Tetrachloroethene and other saturated CHC were more stable (Fig. 3). Only minor

concentrations of hazardous products (phosgene, chloroacetic acid) were detected and

minimized by proper irradiation conditions. Interestingly the EB- treatment is effective for

compounds which are hardly trapped by active coal adsorption such as vinyl chloride

and 1,2-cis-dichloroethene [6].
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Fig. 3: Decomposition of chlorinated hydrocarbons in the off-gas from a
remediation plant treating CHC-contaminated groundwater [6].

The plant offered by Zapit Technology for site remediation has been mentioned

above. Unfortunately no published data are available, with respect to the performance of

their technology.

3.2. Solvent Emissions

Early experimental and theoretical studies regarding the decomposition of

benzene, toluene and H2S have been performed in our laboratory' [7], It was found that

toluene was more reactive in the EB-process than benzene (Fig. A).
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Fig. 4: Decomposition of benzene and toluene in ambient air by treatment with EB

The removal efficiencies for an industrial solvent mixture, as determined by FID

downstream of the accelerator, depend on several parameters: dose, concentration and

chemical composition of the mixture. As shown in fig. 5 efficiencies up to 90% were

measured for low concentrations (20, 40 mg m 3 ) in the dose range between 1 - 5 kGy.

Lower efficiencies up to 75% were found for a VOC concentration of 110 mg m"3 in the

same dose range.

The products of the irradiation induced degradation of VOC were detected and

quantified [8]. For butyl-acetate simple organic acids (formic, acetic, propionic) for xylene
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Fig. 5: Decomposition of industrial solvent vapors in ambient air by EB treatment

the acids and also aerosols were detected. A complete carbon balance was established.

On the basis of the product study a tentative reaction mechanism for the OH-induced

degradation of Butylacetate was developed (Fig.6) . Wu et.al. [9] have reported on the

decomposition of benzene and toluene by irradiation. They observed and characterized

the aerosol formation in air and nitrogen.

To test the process--under realistic conditions, the AGATE-M pilot plant was

installed at a paint factory. About 800 m3 h'1 of waste gas from the ventilation system of
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Fig. 6: Reaction mechanism for the decomposition of butyl acetate by OH-radicals in
irradiated air [19]

the paint factory was treated by a dose of 9 ± 2 kGy. The irradiated gas was filtered by a

high efficiency particle filter and then by an active coal bed. The VOC inlet concentration

varied between 20 - 300 mg C m'3. During certain days of the experiment a stable

concentration of 110 ± 10 mg C m'3'was measured byTID. The removal efficiencies by

irradiation were comparable to the laboratory data. During longer experimental runs e.g.

1 day, the acidic products accumulated in the particle filter of the pilot plant and finally

penetrated the filter. This caused smelly secondary emissions. The problem will be

solved by using more efficient product filters, suitable to remove the smelly organic acids.

The ozone emission (measured by the KJ-method) from the irradiation of the air/VOC -

mixture was at 5 - 7 ppm downstream of the product filter of the pilot plant during typical

operation conditions [10].

3.3. Tunnel off gas

Large volumes of air are vented from automobile tunnels to improve the air

quality within the tunnels with respect to visibility and toxic trace gases (NO, NO2 VOC).
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Some of the VOC might be harmful (e.g. benzene, PAH) to close-by residents, who are

exposed permanently. Due to the large off gas volumes of tunnel ventilation systems

(>106m3h1) the total mass flow of NOX emission is comparable to a large power plant.

Especially for tunnels off gas, which is exhausted within residential areas a cleaning

technology having low energy consumption and low space requirements is desirable.

Some major European (Hamburg, Basel) and Japanese (Tokyo) cities have investigated

processes suitable for cleaning these very dilute and high-volume off-gases. Our model

calculations using the AGATE code [11] had predicted, the electron beam treatment of

tunnel off gases will require a dose of less than 1 kGy, due to the low concentrations of

pollutants to be removed. In order to trap the irradiation products (HNO3, NO2, aerosols)

the development of compact filter units is necessary.

A plant for a flow of 50,000 m3h"1 of tunnel off gases was operated for 2 years

successfully by Ebara Corp. in the Tokyo Bay [12]. Their process closely resembles the

EBDS-process for flue gas cleaning. The tunnel gas is spiked with traces of ammonia

and subsequently irradiated with electrons. The paniculate products (ammonium nitrate),

dust and soot from the tunnel are trapped in a wet electrostatic precipitator. Finally traces

of excess ozone are decomposed by an activated carbon filter. The product, a solution of

ammonium nitrate is cleaned from solid exhaust components and may be used as liquid

fertilizer.

3.4. Incinerator Flue Gas

The flue gas generated by the incineration of municipal wastes contains acidic

trace gases such as HCI, SO2 and NOX . These compounds may be treated by EB-

processing and neutralized by lime addition. A pilot plant has been in operation at the

incinerator of Matsudo in the Tokyo area during recent years [13]. According to the results
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obtained, HCI and SO2 were removed to over 90% from the gas and sufficiently high

efficiencies were obtained for NOX removal, even at higher temperatures. The product of

this process is a mixture of fly ash and soluble organic salts, which must be disposed of.

The method might be useful as a low-cost retrofit for existing incinerators.

Besides HCI, NOX and SO2 the emissions of gaseous and particulate heavy

metals and chlorinated aromatic compounds like phenols, benzene, dioxins and furanes

are of public concern. Present technology uses adsorption onto active coal to trap these

highly toxic compounds, which subsequently creates a new waste stream of

contaminated coal. On the long run the complete destruction of toxics by oxidative

technologies (catalysts, addition of H2O2 or non-thermal plasma processes like EBDS)

seems to be technically superior and a more economic solution to the problem.

By model calculations we had previously tested if gaseous dioxins might be

decomposed by EB-processing of flue gas [14]. Very high decomposition rates (>99%)

were predicted . In our laboratory fundamental studies on the EB-induced oxidation of

chlorinated aromatic compounds were performed by Fengler [15], who investigated the

removal efficiencies and products of this reaction. He found that this reaction

decomposes the toxic chlorinated compounds at rather low energy consumption into

organic acids such as formic and acetic. Minor traces of chloroacetic acid were detected.

The mobile off gas cleaning plant (AGATE-M) was used to treat a flow of 1,000

mN
3h"1 of flue gas from a waste incinerator. The concentrations of PCDD in the untreated

flue gas were between 21 - 110 ng mN"3and for PCDF a total of 45 - 263 ng mN
3 was

determined. Very high decomposition efficiencies were obtained at a dose of 5 - 10 kGy.

Gaseous emissions of polychlorinated dibenzo-dioxins and -furanes (PCDD/F) in
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incinerator flue gas are decomposed to below 0.1 ng mN
3 by the irradiation with

accelerated electrons [16]. Besides the experimental results the previously calculated

graph for TCDD is shown in Fig. 7 for comparison. The coincidence of the calculated

and the measured values is in agreement with the proposed reaction mechanism

involving the primary attack by OH radicals to the PCDD structure. This is also supported

by experimental product studies on EB induced gas phase oxidation of PCDD [15].
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Fig. 7: Decomposition of PCDD/F in incinerator flue gas [16].

4. Economical Considerations

The aforementioned EB-applications for cleaning of industrial off gas have been tested

with real off gas at a scale, which permits preliminary estimates of the costs of larger
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industrial installations. Presently industrial scale flue gas cleaning plants are built at

power plants, which require accelerators with a power of more than 1 MW. These

accelerators have been delivered at specific costs of 2 - 3 $/W for a plant size of 290,000

mN
3 h"1 and their cost represents about 20 % of the total costs of the flue gas cleaning

plant.

In small scale applications discussed above, such as the mobile plants for CHC-removal

the accelerator represents a very high fraction of the total plant costs e.g. 80 %. These

high costs may be acceptable at certain market niches such as site remediation. Prager

et. al. [17] have discussed the costs of the EB-process for a specific site and compared

the EB process to a active coal adsorption method. They found, that the EB process had

a significant cost advantage over the existing technology (adsorption). Nevertheless it

should be noted, that this estimation is valid for specific technical conditions such as low

CHC concentrations and higher fractions of DCE and TCE, which can be removed at low

EB energy consumption. Despite low investment costs the active coal adsorption is

rather expensive for these conditions, because large amounts of fresh coal are needed

due to low equilibrium pressures of CHC and poor adsorption properties of DCE and

TCE.

For larger applications such as retrofit installation for dioxin control at waste incineration

plants, having a flow rate of e.g. 90,000 mN
3 h"1 , Siret and Gilman [18] have compared

the typical costs for conventional methods (Table 2).

From our pilot experiment we conclude, that for this application a 400 kW EB will be

sufficient to treat a flow of 90,000 mN
3 h"1. Assuming large scale accelerators may be

manufactured at 2.5 $ / W the total costs of the EB-plant for this application are estimated

preliminary to US $ 2,700,000 including hardware (50%), engineering (10%),
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Tab. 2 : Estimated costs for PCDD/F control processes

Process

Dry Process (Lime/Carbon)

Active Carbon Injection

(,,Flugstrom")

Static Carbon Bed

Wet Carbon Process

SCR Catalytic Process (incl. de-

NOX)

EB Process (preliminary

estimation)

Investment

(in US $ 1000)

0

2,800

11,000

1,300

8,400

2,700

Operation

(US $/to waste)

4.9

3.7

7.8

2.2

4.1

1.9

contingencies (20%), installation (10%) and tax/insurance (10%). At 20 to/h of

incinerated waste the energy consumption of the EB amounts to 20 kWh per ton of

waste, equivalent to 1$ at 5 ct per kWh. Including some parasitic power and spare parts

the total amounts to about 1.9 $ per to of incinerated waste. Despite the difficulty and

uncertainty for these estimations at the stage of pilot experiments it is therefore

concluded, that the EB induced decomposition of dioxins is economically attractive

compared to conventional methods.

5. Conclusions

The EB-processing of industrial off gas has been investigated for several

applications such as the cleaning of waste air containing organic solvents, the exhaust
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from automobile tunnels, the remediation of CHC-contaminated sites and the

decomposition of dioxins in waste incinerator off gas. It is concluded, that sufficient

materials are available to assess the technical and economic feasibility of the

investigated applications on a preliminary basis.

The cleaning of automobile tunnel offgas may be suitable for selected locations

and has been tested already in an industrial scale. The decomposition of dioxins and site

remediation may be seen as most attractive for further development in pilot and industrial

scale. The removal of solvent emissions by EB still requires additional development

work, to solve some inherent problems, such as secondary emissions.

Summarizing the main advantages of radiation processing for emission control

are: the method avoids or minimizes secondary waste production, has a moderate

energy consumption and attractive investment costs. The next step in the development

will be the installation of larger plants, to obtain more relevant technical and economical

data.
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