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ABSTRACT

An experimental work for the verification of potential use of electron-beam irradiation
processing for SO2 removal from reduced-SO2-strength gases, between 1,000 and 10,000 ppm,
was conducted in a laboratory unit equipped with a multi-purpose electron accelerator working
with beam energy of 800 keV. During experimental tests performed, influence of different
operating parameters on the overall SO2 removal process was established.

Tests were conducted under two main conditions, using only electron beam irradiation and
using electron beam irradiation plus ammonia injection. Tests results proved the technical
feasibility to remove SO2 from off-gases under working experimental conditions, i.e., SO2 removal
is achieved under the two modes of operation. When using only electron beam irradiation SO2

removal efficiencies found were rather low, up to 40 %, but in the case of using electron beam
irradiation in conjunction with ammonia injection, it was found that SO2 removal efficiency raises
up to 85 % under experimental conditions.

INTRODUCTION

Chile is the world's largest producer of copper and, since most of its production is smelted
and refined domestically, it is also a major, local sulfur oxides emitter. Driven by a will to fulfill
ambient air quality, increased governmental environmental restriction on the copper industry is
being programmed. Industry has been compelled to make major new investments in the 1990s to
comply with enactment's and to make it possible for ambient air quality standards to be achieved.

The Chilean Nuclear Energy Commission, CCHEN, has carried forward this work
supported and sponsored by International Atomic Energy Agency, IAEA, with the assistance of
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experts and installations of the Institute of Nuclear Chemistry and Technology of Warsaw, INCT,
Poland.

Process Description

At the present time the most rapidly developing environmental application of radiation
processing is the treatment of industrial flue gases containing SO2 and nitrogen oxides, NOx.
Numerous studies have shown that irradiation of flue gases with an electron beam can bring about
chemical changes that facilitate removal of the sulfur and nitrogen oxides, (Woods and Pikaev,
1994).

Chemistry of electron beam irradiation process for removal treatment of SO2 up to
concentrations of 3000 ppm is well established, (Matzing, 1986). Irradiation of gases leads to the
formation of short-lived, highly reactive species (electrons, positive ions, excited atoms, molecules
and ions, and free radicals) that make possible the oxidation of sulfur and nitrogen oxides to sulfuric
and nitric acid. Later, with the addition of ammonia, acids are quickly neutralized to the respective
salts, ammonium sulfate and ammonium nitrate, solid by-products usable as fertilizers.

A basic concept on irradiation of gaseous mixtures is that the fraction of energy absorbed by
each gas component is proportional to its partial pressure. Consequently, some changes in reaction
mechanisms of electron beam process are reasonable expected for high SO2 gas concentrations, i.e.,
over 3000 ppm. A conceptual model was developed to characterize the process of SO2 removal in
streams with high SO2 from humid gas mixtures under influence of the electron beam, (Nichipor,
1997). It takes into account about 200 reactions, the main ones being the following three:

SO2 + OH - • HSO3 (1)

+ O2 -> SO3 + HO2 (2)

H2O -> H2SO4 (3)

The model also consider reactions like the following, whose role is small in the whole
mechanism:

SO2 -> SO2
+ + 2e (4)

SO2 -> SO + O + e (5)
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Tests results shows good agreement with results of simulation, (Chmielewski, 1997).

Influence of Process Parameters on Efficiency of SO2 Removal

Last experimental data from recent pilot plant operations working with combustion flue gases
shows that 95 % of SO2 removal efficiency can be obtained at a dose of 5 kGy when water vapor
content and thermal reaction conditions are properly adjusted. In off-gases from copper smelters, no
significative NOx content is expected. For SO2 removal, main parameters that have influence are in
decreasing order of importance: reaction temperature, dose, NH3 stoichiometry and absolute
humidity, (Hashimoto, 1996).

EXPERIMENTAL PROCEDURES

Basic information about off-gas composition originated from monitoring data provided by
specific Chilean smelter plants. Based on that information, a test matrix was defined to evaluate
electron beam processing of off-gases with moderately high levels of SO2. Later, tests were
conducted at a multipurpose irradiation facility located at the Institute of Nuclear Chemistry and
Technology in Warsaw. It is equipped with an ILU-6 electron accelerator. This accelerator can
operate in a range of energies up to 2 MeV, but for flue-gas irradiation treatment the working range
was set up at 750- 800 keV. Key parameter is dose irradiation, i.e., energy absorbed by unit of gas
mass, which is controlled varying the electric current applied in the electron accelerator.

The irradiation facility utilized has been described in the literature, (Chmielewski, 1992), but
in this occasion it was refurbished to be adapted to new type of experiments, only with irradiation and
with irradiation plus ammonia injection. After the irradiation chamber two vertical vessels were
utilized, a retention chamber and a fabric filter, to augment residence time in order to develop for
heterogeneous reactions. An scheme of the new facility is presented in Fig. 1. Ducts for inlet gases
were electrically heated at temperatures about 90-110 °C, in order to avoid solid by-product
deposition. Reactions were followed by observing the variation of SO2 concentration by means of
continuous analyzers and compared with manual methods. Ammonia slip at the outlet gases was
determined manually following Japanese standard, (JIS, 1983).

Experiments were conducted at flowrate of 20 mVhr and 5 mVhr, with flue gases coming from
a gas boiler fueled by natural gas. Irradiation dose was determined by PVC film. In the series of
experiments, goal was to determine the efficiency of SO2 removal from simulated off-gas with
moderately high SO2 concentration, i.e., in the range 1,000 ppm to 10,000 ppm by volume.
Previously, tests had been conducted for the ultra high range of SO2 content, 5% to 15 % by volume,
(Villanueva, 1996) that simulated conditions of gases that normally feed metallurgical sulfuric acid
plants. Tests were performed under natural humidity content in flue-gases, about 7-9 % by volume
and in high humidity conditions, between 13-16 % by volume.
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Figure 1. Flow diagram of new INCT laboratory installation.

TEST RESULTS

Using the Electron Beam process with ammonia injection for treatment of simulated off-
gases with S02 content in the range between 1,000 ppm to 10,000 ppm, good performance with
high efficiency SO2 removal, i.e. well above 70%, was achieved during experimental tests, as
shown in Fig. 2. A slight decrease in SO2 removal efficiency with increasing SO, inlet content was
observed, as shown in Fig. 3. Range of dose irradiation required to achieve 80 % SO2 removal
was around 3-4 kGy, which represents a low energy requirement in this application.
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Figure 2. Effect of irradiation dose on SO2 removal effectiveness, for various SO2 inlet
concentration SO2i = 1020 ppm (•) , 1960 ppm (•) , 4017 ppm (A), 10043 ppm (O)
ratio NH3 = 0,95; T inlet: 87-90°C; water: 13-16% vol.
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Figure 3. SO2 removal efficiency vs SO2 inlet concentration
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In addition to those tests, a preliminary testing was done considering only irradiation,
without ammonia supply, i.e, SO2 oxidation by radiation, at SO2 concentrations ranging from
1,000 to 10,000 ppm, yielding dilute sulfuric acid by-product. At comparatively high electron
beam dose of about 11 kGy only a modest level of SO2 removal, i.e. 10% to 40%, was achieved in
the best case. These results are shown in Fig. 4.

SO2 removal(%)

50 T

40 -

30 •

20 -

1 0 -

Figure 4. Effect of irradiation dose on SO2 removal effectiveness, for various SO2 inlet
concentration SO2i=1077 ppm (• ) , 2071 ppm (0), 4063 ppm (A), 10200 ppm (O), ratio
NH3 = 0; T inlet: 113-116°C; water: 7% vol.

Also a decrease in SO2 removal was observed when SO2 inlet concentration was increased,
as shown in Fig. 5.
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Figure 5. SO2 removal efficiency vs. SO2 inlet concentration
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DISCUSSION

Reaction Mechanisms

SO2 removal by electron beam irradiation has been established as the combination of two
reaction mechanisms: first, the SO2 oxidation in homogeneous phases by influence of radiation
and a heterogeneous or thermal mechanism due to influence of ammonia and oxygen, which may
account for up to 70-90 % of the SO2 removal (Jordan, 1990). The efficiency of the thermal
reaction, which apparently occurs through a sulfite intermediate, increases with increasing SO2

concentration and with decreasing temperature. It has been suggested that the thermal reaction
occurs in water droplets and may be the oxidation of sulfite and bisulfite ions by dissolved
oxygen. The role of ammonia is to increase the pH and thereby the quantity of SO2 absorbed and
to fix the sulfuric acid in the form of ammonium sulfate. The thermal autooxidation can be
accelerated by the presence of trace amounts of transition metal-ions (e.g. Fe*2 Fe *\ Mn*2, Ni+2

or V*4) which may be present in the flue gases. Results found are in accordance with previous tests
performed for the range of diluted gases (up to 3000 ppm SO;). The large effect on SO2 removal is
attributed then to an heterogeneous reaction taking place between H2SO4 and NH3 in humid air,
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normally occurring at low temperatures. Nevertheless in this case of high SO2 content in inlet
gases, influence of irradiation mechanism path is very significative due to the relatively high
temperature of experiments, far beyond the range of optimal thermal reaction.

Process Design

After completing the tests, a generic proposal for a process adjusted to specific conditions
of weak copper smelter off-gases, oriented to remove SO2, SO3, paniculate matter and arsenic was
developed. Candidate gases to be treated include main streams of fugitive gases and streams from
secondary process (electric furnaces, fire refining furnaces, etc.). These candidate gases exhibit
highly oxidizing conditions, heavy fluctuations in flow rates and SO2 concentration and significant
amounts of arsenic and heavy metals.

The generic process delineated for this application comprises three major stages:

1. Capture and pre-cleaning of off-gas: It includes collection and blending of diverse gas streams,
pre-removal of arsenic/particulate matter by means of fabric filter with activated coke injection
and humidification in a dry bottom humidifier.

2. SO2 /SO3 removal: It includes injection of NH3 gas and irradiation, in the reactor vessel located
inside the irradiation chamber.

3. By-product separation: It includes collection of by-product solids by dry electrostatic
precipitator, by-product granulation and discharge of dry off-gas to the stack.

The generic diagram for the electron beam irradiation treatment of weak gases in smelters
is presented in Figure 6.
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Figure 6.Generic process diagram for electron beam treatment for weak off-gases from copper
smelters

From this work, it is concluded that the Electron Beam Process with ammonia injection is a
simple and appropriate chemical process that should, on a site-specific basis, optimally augment
plant-wide Chilean copper smelter SO2 emission control as required. A field pilot plant program is
under consideration to replicate anticipated gas cleaning service conditions, and providing a
necessary reference for scaleup for commercial application of the Process. The principal purpose
of the pilot plant is to collect data characterizing specific process operation and performance and
serving as a basis for conceptual design of site-specific full-scale installations.

The analysis carried out has also shown that for metallurgical smelters, the electron beam
option using no reagent, i.e., yielding diluted sulfuric acid, seems to be also a promising
possibility for cost-effective use due to its independence of NH3 supply and having the possibility
of its synergistic integration with sulfuric acid plants already existing at the smelters. Additional
means and innovation are required to enhance performance of the electron beam non-reagent
option in order to constitute realistic alternative for treatment of weak off-gases from copper
smelters.
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