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This paper presents a special designed installation and several representative results obtained by
high energy electron beam (EB) application to SO2, NOx and volatile organic compound removal. It
consists of the following units: a gaseous mixture preparation system; a high energy EB source
(ALIN-10 accelerator of 6.23 MeV); an EB reactor (EBR) and a gas analyzer. The best obtained
results are: 99.7% and 85.5% for SO2 and NOx removal efficiency with a reactor input energy
density (RIED) of 0.24 kJ/L and, for toluene removal, 77.2% decomposition efficiency and 87.1%
oxidation efficiency for RIED of 0.81 kJ/L.
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INTRODUCTION
Environmental problems, caused by the increased world energy demands, have
become a serious problem in many countries, including Romania, that have started to
impose adoption of more stringent norms for industrial emission limits. The emission of
sulfur dioxide (SO2, also SO3) and nitrogen oxides (NO, NO2, called NOx) from fossil fuel
burning power and industrial plants is one of the major sources of environmental pollution
[1]. These pollutants that turn ultimately into sulfuric acid and nitric acid in the
atmosphere, are named as "acid gases" causing acid rain and also "indirect greenhouse
gases" contributing greenhouse effect. Acid rain damages forest, agriculture fields and
flora, and cause public health concerns. The volatile organic compounds (VOCs) emission
causes ozone layer depletion, ground level photochemical ozone formation, and toxic or
carcinogenic human health effect. VOCs contribute to the global greenhouse effect. At the
present time, many kinds of processes for gaseous pollutants removal have already been put
to industrial level. On the other hand, no effective removal method has been established for
certain gaseous pollutants such as NOx, since NO is difficult to remove due of its low
reactivity. However, the gaseous pollutants removal remains an important research subject,
both from technical and energy consumption points of views. To eliminate the gaseous
pollutants, many approaches are possible. Non-thermal plasma (NTP), in which the mean
energy of the electrons is substantially higher than that of the ions and the neutrals, offers
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considerable advantages in reducing the energy requirements to remove the pollutants [25].
There are three promising methods for generating non-thermal plasmas in
atmospheric gas pressure containing the pollutants, namely electron beam non-thermal
plasma (EB-NTP), microwave non-thermal plasma (MW-NTP) and electrical discharge (DC,
AC and pulsed fields) techniques [6-12]. The decomposition rate of pollutants is determined
mainly by the number of free electrons produced in the plasma [11]. However, for
pollutants removal that require high amounts of electrons for its decomposition, EB
processing is remarkably more energy efficient (33 eV per electron-ion pair in dry air) than
electrical excited plasma (several ten times more) [11]. For the removal of VOCs, their total
oxidation is preferred, resulting only in H2O and CO2. For many NTP technologies,
processes of excitation, ionization and dissociation resulting in species, which are not
directly usable for the VOC oxidation, consume a large portion of the input energy [13].
The incomplete oxidation leads to partially oxidized pollutants and thus possible toxic byproducts could be produced. The combination of a NTP with in situ heterogeneous
catalysis (denoted as “plasma catalysis”) is considered as a promising method to improve
the oxidation of VOCs and the energy efficiency of the plasma process [14, 15]. The
catalyst presence induces an increase of the effective reaction time due to adsorption of
VOCs and intermediates on the catalyst surface, resulting in a shift of the reaction selectivity
towards total oxidation. The EB-NTP technology for simultaneously removal of SO2 and
NOx was investigated and demonstrated at pilot scale in the USA, Germany, Japan, China,
Korea, Poland and Bulgaria. The advantage of EB process in pollutants removal is
connected to its high efficiency to transfer high amount of energy directly into the matter
under treatment. Above 1.200 accelerators have been build for radiation processing and
total number of accelerators applied in science, medicine and industry amounts around
15.000 [16]. Disadvantage which is mostly related to high investment cost of accelerator
may be effectively overcome in future as the result of the use of new accelerator
developments. Although there are many different types of accelerators offering a wide
range of performance ratings, only few would be suitable for particular application
{Marshall). The basic specifications for the EB energy, beam current and beam power
should be derived from the process requirements (absorbed dose distribution, the product
size, the shape and density, and the throughput rate) to ensure satisfactory results with
minimum capital and operating costs. EB energy losses in the dual beam windows and the
intervening air space are very high for the low energy-high power accelerators that are
presently used for air pollutants removal. The potential use of medium to high-energy high
power EB accelerators for air pollutants removal is demonstrated in [17]. The total EB
energy losses (backscattering, dual beam windows and in the intervening air space) are
substantially lower with higher EB incident energy. The useful EB energy from input
energy is under 50% for 0.5 MeV and about 95% above 3 MeV. The lower electrical
efficiencies of accelerators with higher energies are partially compensated by the lower
electron energy losses in the beam windows. In addition, accelerators with higher electron
energies can provide higher beam powers with lower beam currents [17]. However, the
values of the useful penetration of high energy electrons are much bigger then the length of
the usual EB reactors (EBRs) designed for air pollutants removal. In view of these
conditions, the water adding in the gaseous mixture is of great importance for both, high
energy EB utilization efficiency as well as for pollutants decomposition efficiency. If a
sufficient amount of energy is transferred, excited molecules can decompose forming
abundant quantities of active species that are consumed in chemical reactions, part of them
leading to the desired conversion of pollutants. In the presence of moisture, EB irradiation
produces ionized and excited water molecules and free electrons. Ionized and excited
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molecules react with water molecules to form free radical species. Especially the formation
of OH radicals, that are very reactive, plays a significant role in the pollutants
decomposition reaction [5, 6]. In the case of VOCs, free radicals attack the organic
compound chains or rings causing their decomposition. It is reported an important
improvement of pollutants removal efficiency using atomization of fine water droplets into
cloud chamber vessels and into corona discharge reactors [18]. In our opinion, the use of
fine water droplet spray into NTP area could increase not only pollutants removal but even
could improve the high energy EB absorption and consumption in useful chemical
reactions. Adding electrons to liquid water changes its chemical and physical properties.
Electrons that are added to liquid water promote finer sized spray particles than other spray
techniques. Additionally, the droplets self-divide by a process known as ‘Coulomb
Shattering’, leading to a sharp reduction in water droplet size. Very small water droplets
result. The mean diameter of these charged water droplets is over a factor of five smaller
than uncharged water droplets sprays. Excess electron population inhabits delocalized
molecular orbitals at the surface of the droplets and are easily incorporated in electron
transfer reactions during chemical reaction process. Furthermore, the excess electron
population allows the water clusters to catalyze chemical reactions at a faster rate. Under
these circumstances, although extensive prior art exists in the field of EB technology, our
research was focused on the improved methods that are able to increase the absorption rate
of the high energy electrons along their path inside EBRs designed for the pollutants
removal process. Two electron beam accelerators are available for our research: electron
linear accelerators ALIN-10 of 6.23 MeV and ALID-7 of 5.5 MeV, built in the Electron
Accelerator Laboratory, INFLPR, Bucharest, Romania. Both accelerators are of travelingwave type, operating at a wavelength of 10 cm. They utilize tunable S-band magnetrons,
EEV M 5125 type, delivering 2 MW of power in 4 µs pulses. The accelerating structure is a
disk-loaded tube operating in the /2 mode. The optimum values of the EB average current
IEB and EB average energy EEB to produce maximum average output power PEB for a fixed
pulse duration EB and repetition frequency fEB are as follows: for ALIN-10: EEB = 6.23
MeV; IEB =26.25 µA; PEB = 164 W (fEB = 100 Hz, EB = 3.5 s) and for ALID-7: EEB = 5.5
MeV; IEB = 122 µA; PEB = 670 W (fEB = 250 Hz, EB = 3.75 s). The following research
steps were established:
1) To carry out a lab-scale installation, named LSI, for gaseous pollutants treatment with
ALIN-10 electron accelerator as high energy EB source. LSI was specifically designed
to permits the EB average current monitoring during gaseous mixture irradiation;
2) To establish the LSI optimum operational conditions for simultaneous removal of SO2
and NOx and separate removal of several VOCs, such as toluene and mixture of toluene
with hexane, in gaseous phase and atmospheric pressure. As evaluation criterion, the
pollutant removal efficiency (E), reactor input energy density (RIED) and energy
efficiency (EE) are calculated;
3) To design a semi-pilot installation, named SPI, for gaseous pollutants treatment with
ALID-7 electron accelerator as high energy EB source. The most important imposed
feature for SPI is to permits the use inside EBR of fine water droplets in order to
increase the high energy EB absorption and consumption inside EBR for air pollutants
removal;
4) To establish the SPI optimum operational conditions for separate and simultaneous
removal of SO2, NOx and VOCs, including by-products resulted from pollutants
removal, such as ammonium salts and other suspended particles in the air stream,
polluted water that needs filtration and re-circulation in the system, etc.
This paper presents only experimental results of the research steps 1-2.
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INSTALLATIONS AND EXPERIMENTAL PROCEDURES







The LSI consists mainly of the following units (Fig. 1):
A gaseous mixture preparation system (GMPS);
An EB reactor (EBR);
A gas analyzer system (GAS);
A high energy EB source (ALIN-10 accelerator).

Figure 1: Schematic drawing of the lab-scale installation (LSI).

The EBR (Fig. 2 and 3) is designed like a Faraday cage in order to permit the EB
average current monitoring during gaseous mixture irradiation. It consists of two concentric
stainless steel cylindrical vessels: a gas and electrically insulated inner vessel (EIIV) of 0.2
m inner diameter and 2.967 m long and a grounded outer vessel (GOV) of 0.28 m inner
diameter and 3.145 m long. The EB is introduced in the EBR through two entrance
windows, EBW-1 (for GOV) and EBW-2 (for EIIV), made of 100 m-thick aluminum
foils. The EB current is collected on the electrical insulated inner vessel of the EBR,
integrated and displayed on the control desk (EB monitor shown in Fig.1). During the
experiments, the electron beam average current was up to 26 µA. Fig. 2 shows the
schematic drawing of EBR. For experiments with VOCs a bed with 0.04 m thick V2O5
catalyst layer was installed at the bottom area of the EIIV (Fig.3). A thermocouple probe is
immersed several mm in the catalyst layer (Fig.4) for temperature monitoring during the
irradiation process.
The gaseous mixture preparation system, GMPS, consists mainly of a gaseous mixing
chamber, an air compressor, a water dosing pump, a NH3 dosing pump (in the case of SO2
and NOx diluted in air), VOCs dosing pumps (in the case of VOCs diluted in air), reducing
valves, flowmeters, evaporation chambers, safety valves, electrical heatings, buffer vessels,
temperature controller devices and others. Fig. 6 shows the schematic drawing designed for
experiments with SO2 and NOx.
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The gas analyzing system, GAS, consists of:
(1) A stack gas analysis system, EDNA-600 Series (Horiba), for experiments with SO2 and
NOx. This system includes a single analyzer unit that can measure up to five components,
NOx, SO2, CO,. CO2 and O2, using cross-flow modulated non-dispersive infrared detection.
(2) A system of three gas analysers, for experiments with VOCs: TLV Panther Industrial
Precision PID Monitor, Gas chromatograph Fisons 8330 and Buck Scientific-Multiple Gas
Analyser #1. A system for taking samples of the gas made up of a solenoid valve and of a
Tedlar bag, is branched to gaseous mixture inlet and outlet.
The ALIN-10 accelerator is a laboratory installation, located in a horizontal position
inside the irradiation room. It is equipped with a post-acceleration beam focusing and
bending to project accelerated EB either on the accelerating structure axis (through a
horizontal vacuum window exit port) or at right angles to the accelerator structure (through a
vertical vacuum window exit port). Fig. 7 presents the schematic drawing of the ALIN0-10
electron linear accelerator.

Figure 2: Schematic drawing of the LSI electron beam reactor (EBR).
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Figure 3: Photograph of the LSI experimental setup.

Figure 4: Photograph of V2O5 catalyst layer of
0.04 m thick.

Figure 5: Photograph of V2O5 catalyst layer at
the bottom area inside the EBR.
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Figure 6: Schematic drawing of the gaseous mixture preparation system (GMPS) used for
experiments with SO2 and NOx.

Figure 7: The schematic drawing of the ALIN0-10 electron linear accelerator.

In the ALIN-10 output arrangement with horizontal and vertical exit ports, the electron
beam passes a ring-shaped electron collection monitor (RS-EBCM) shown in Fig. 8. Direct
collection of a part of the EB at the ALIN-10 exit ports is used as an EB average current
monitor as well as absorbed dose rate monitor during the irradiation process. This monitor
that intercepts only a fraction of the air scattered EB gives, together with its associated
electronics instrumentation, a relative value of the EB average current (EBAC) and EB
dose rate (EBDR). The EBAC has been first calibrated with a modified Faraday cup (MFC)
positioned at the RS-EBCM end and the EBDR by several chemical systems (such as the
Ceric Dosimeter) placed at the position where the irradiation is performed. The MFC
permits simultaneous measurement of EB average current and EB average power as is
shown in Fig. 9. In the case of the LSI, the accelerated EB was not scanned at the ALIN-453-

10 horizontal exit port in order to benefit of free scattering of the high energy EB along
EBR axis of about 3 m long. Figs. 10 a and 10 b present the image of the EB cross-section
obtained by its passage through a glass plate of 4 mm thick and a glass-textolite sheet of
0.3 mm thick, respectively. Either the glass plate or the glass-textolite sheet was fitted in
front of the EBW-2 window of EBR and irradiated during 3 minutes with an average EB
current of about 13 µA. White spot of 22 mm diameter (Fig. 10 a) is left by high energy
and high intensity electrons which initially (under one minute irradiation) stain the glass
plate after than the heat developed by a longer irradiation cancels the colored centers.
Brown circular crown of 90 mm outer diameter (Fig. 10 a) is left by low energy and low
intensity electrons from irradiating beam. Concentric circular spots of different diameters
and colors (Fig. 10 b) left by EB on glass-textolite sheet give a relative image about
distribution of electrons of different energies inside EB cross-section. The EB spots image
on glass plates and glass-textolite sheets, fitted to EBW-2, were used to align the EBR in
front of the ALIN-10 horizontal EB exit port. It is very important to note that for electron
linear accelerators with traveling waves the EB average energy (EEB) depends strongly on
the EB average current (IEB). This behavior is given by so called beam loading
characteristic of the accelerating structure which shows that EEB decreases about linearly
versus IEB. The ALIN-10 beam loading characteristic, obtained by applying the
calorimetric method with MFC is given in Fig. 11. EEB determines the depth to which the
electron beam will penetrate the irradiating material. Fig. 12 shows the photograph of the
EB trace left in a glass slides package irradiated during 5 s with 13 µA average current
emitted at the horizontal EB exit port of the ALIN-10 accelerator. Each glass slide is of
0.15 cm thick and 2.38 g cm-3 density. As shown in Fig. 12, the measured total range of an
EB of 13 µA average current is of about 2 cm which corresponds to an EB average energy
of about 9 MeV. For equal entrance and exit doses, the useful penetration pu of high-energy
electrons can be estimated by pu = (EEB -0.3)/2.6 ρ, where EEB is EB energy in MeV and ρ
is material density in g/ cm3. In air (density of 1.2 x 10-3 g/cm3) the pu of 9 MeV EB, used
in experiments with EBR, is of about 28 m. This value of the pu is much bigger than the 3
m length of EBR. In the case only a little portion from reactor input power (RIP) (RIP is
useful power inside EBR after elimination from incident power of losses produced by
backscattering, in intervening air space and in EB windows) is used for removal process. In
view of these conditions the fine water droplets adding in the gaseous mixture will be of
great importance for the increasing of EB power consumption and pollutants removal
efficiency. As evaluation criterion in the absence of fine water droplets inside the EBR
were calculated pollutant (P) removal efficiency (E), reactor input energy density (RIED),
reactor removal energy density (RRED) and energy efficiency (EE) in the gas phase by
using the following expressions [19]:
E (%) = 100{[Pinlet] – [Poutlet]}/ [Pinlet]
RIED (kJ/L)={reactor input power (W)/gas flow rate (L/min)} x 60 x 10-3
EE (g/kWh) = {[P]inlet x E} x 10 -3 /RIED or RRED
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(1)
(2)
(3)

Figure 9: The schematic drawing of the
modified Faraday cup for simultaneous
measurement of EB average current and EB
average power.

Figure 10 a: The image of the EB cross-section
obtained by 13 µA average current passage
through a glass plate of 4 mm thick during 3
min. irradiation.

Figure 10 b: The image of the EB cross-section
obtained by 13 µA average current passage
through a glass-textolite sheet of 0.3 mm thick
during 3 min. irradiation.
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Figure 11: EB average energy (EEB) and
electron average beam power (PEB) versus EB
average current (IEB) for ALIN-10 accelerator.
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Figure 8: The schematic drawing and
photograph of ring-shaped electron beam
collection monitor.

Figure 12: Photograph of the EB trace left in a
glass slides package irradiated during 5 s with
13 µA average current.
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RESULTS AND DISCUSSIONS
The results obtained with LSI are presented as follows: in Fig 13, removal efficiency
(E) and energy efficiency (EE) versus reactor input energy density (RIED); in Fig. 14, EE
versus RIED and RRED for EB simultaneous treatment of SO2 and NOx diluted in air at
constant gaseous mixture flow rate (FR) of 25 L/m (7% H2O vapor, 100% stoichiometric
concentration of ammonia, gaseous mixture temperature (tGM) = 60-65oC); in Fig. 15, E
and EE versus RIED, for EB without catalyst treatment of toluene (T) diluted in air with
7% H2O vapor; in Fig. 16, E and EE versus T inlet concentration ([T]inlet) for EB with
catalyst (at 200oC ) treatment of toluene diluted in air with 7% H2O vapor; in Figs. 17 and
18, the comparative effects of catalyst absence/catalyst presence and two different values of
RIED (0.81 kJ/min and 0.64 kJ/min) on the toluene removal efficiency and toluene energy
efficiency, respectively; in Figs. 19 and 20, E and EE for EB + catalyst treatment of hexane
with toluene mixture in diluted air with 7% H2O vapor.
In the case of VOCs treatment, in order to achieve a better assessment of both,
decomposition process and oxidation process, in the catalyst absence and catalyst presence,
two efficiency types have been determined: decomposition efficiency, Ed (the efficiency in
converting VOCs to any products) and oxidation efficiency Eo (the efficiency for the
conversion of VOCs into carbon oxides):
Ed = 100 x {[VOC]inlet - [VOC]outlet}/[VOC]
(4)
where [VOC]inlet is the initial concentration of VOC (ppmv) and [VOC]outlet is the
concentration of VOC (ppmv) after treatment.
Eo = 100 x {[CO2]outlet - [CO2]inlet + [CO]outlet}/No. Catoms / {[VOC]0 - [VOC]t}

(5)

where [CO2]inlet is the initial concentration of CO2 in air (ppmv), [CO2]outlet is the
concentration of CO2 after treatment (ppmv) and [CO]outlet is the concentration of CO after
treatment (ppmv).
The correct evaluation of obtained results was based on the LSI facilities that
permitted the continuous monitoring during pollutants irradiation of the average EB current
at the ALIN-10 exit and of the EB average current collected on the electrically insulated
inner vessel of the EBR. These measurements together with the experimental
characteristics presented in Fig. 11 were of great importance for determination of real input
power and real power needed for removal process of pollutants inside EBR. Thus, was
observed that real power need for pollutants removal was cca. 5% from input power for
SO2 and NOx removal and cca. 18% from input power for VOCs removal. The analysis of
these results led to the following main observations:

1) In the case of EB treatment of SO2 and NOx, E(SO2) slowly increases while E(NOx)
much increases versus RIED increasing when the values of FR, [SO2]inlet and [NOx]inlet
are kept constant. However, EE much decreases versus RIED increasing. This is due to
the poor utilization of EB input power inside EBR (EBR length is much less than useful
penetration of ALIN-10 electron high energy). However, for a sufficient RIED level, E
is reasonable high, of 99.7% and 85.5% for SO2 and NOx, respectively. When real
power (real power consumed for removal process) is used for the evaluation of reactor
removal energy density (RRED), then EE increases by a factor of nine for both, SO2
and NOx., as seen in Fig. 14;
2) The values of Eo and EEo substantially increase for toluene removal by EB + catalyst
treatment compared with EB treatment only. Thus, in the case of FR = 400 L/h and
RIED = 0.81 kJ/min, Eo increases from 8% to 67% and EEo from 0.3 g/kWh to
2.5 g/kWh. Also, both EEd and EEo, increase about linearly versus toluene inlet
concentration, by a factor of 4 for EEd and a factor of 3 for EEo while both, Ed and Eo,
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decrease slowly, from 77.2% to 72.8% and from 87.1 to 67 %, respectively. It is
expected a great improvement of these results for a more efficient utilization of the EB
power inside EBR;
3) For EB + catalyst treatment of hexane + toluene mixture in air, Ed slowly decreases
(from 98.4% to 73.8% for hexane and from 97.9% to 84.1% for toluene) while Eo
(H+T) much decreases (from 94% to 34% versus FR and RIED. However, EEd for
both, H and T, substantially increases versus FR from 400 L/h to 1100 L/h and when
RIED decreases from 0.81 kJ/L to 0.205 kJ/L: from 1.329 g/kWh to 2.742 g/kWh for
hexane and from 1.42 g/ kWh to 3.34 g/ kWh for toluene. Also, EEo (H+T) first
decrease when RIED decreases from 0.81 kJ/L to 0.405 J/L and the then, when RIED
decreases at 0.295 L/h, EEo(H+T) returns to a high value of 2.62 g/kWh. This means an
important result for VOCs mixture removal by EB + catalyst.
3

[SO2]inelt= 6857 mg/Nm
E (SO2)
3
[NOx]inelt= 442 mg/Nm
E (NOx)
EE (SO2) H2O = 7%; NH3=100%
o
EE (NOx) FR = 25 L/min.; tGM=60-65 C

80

60

60

40

40

20

20

0

0
0.199
0.238
0.134
Reactor input energy density (RIED), (kJ/L)

Energy efficiency, EE (g/kWh)

80

Energy efficiency, EE (g/kWh)

100

Efficiency, E (%)

100

3

EE (SO2) for RIED
EE (NOx) for RIED
EE (SO2) for RRED
EE (NOx) for RRED

[SO2]inelt= 6857 mg/Nm
3

[NOx]inelt= 442 mg/Nm
H2O = 7%; NH3=100%

o

FR = 25 L/min.; tGM=60-65 C

100

10

1
RIED (kJ/L)
0.199
0.134
0.238
0.026 RRED (kJ/L)
0.022
0.015

Figure 14: The effect of RIED and RRED on
EE for EB treatment of SO2 and NOx.
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Figure 13: The effect of RIED on E and EE for
EB treatment of SO2 and NOx.

Figure 16: The effect of toluene inlet
concentration on E and EE for toluene treatment
by EB + catalyst.
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Figure 19: The effect of RIED on E (Ed and
Eo) for EB treatment of hexane +toluene
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Figure 20: The effect of RIED on EE (EEd and
EEo) for EB treatment of hexane +toluene
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CONCLUSIONS
The results obtained by following up the first two steps of our research demonstrate
that the use of high energy EB accelerator ALIN-10 are encouraging for the future research
in the field of gaseous pollutants removal. In view of these conditions, our opinion is that
the fine water droplets adding inside EBR gaseous mixture will be of great importance for
two goals: the energy efficiency increasing and removal efficiency enhancement for air
pollutants.
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