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A new concept of gas purification by electron attachment is proposed. Low-energy 
electrons generated in a corona-discharge reactor are captured by electronegatiue impu- 
rities, producing negative ions. The ions drift to the anode in the electric field and are 
removed at the anode of the reactor. Two types of reactors were used to remoue the 
negative ions: a deposition-type reactor, which deposits negatiue ions at the anode sur- 
face; a sweep-out-type reactor, which sweeps out enriched electronegatiue impurities 
through the porous anode. Remouals of dilute sulfur compounds, oxygen and iodine 
from nitrogen were conducted to uerib the concept of gas purification. Simulation mod- 
els were used to estimate removal efficiencies of these compounds, by taking into ac- 
count electron attachment, and experimental constants of the models were determined. 
The remoual efficiency correlated by the models agreed well with the experimental one. 

Introduction 
Gas purification involves the removal of vapor-phase im- 

purities from gas streams. Many methods for gas purification 
have been proposed, and the primary operation falls into one 
of the following three categories: (1) absorption into a liquid; 
( 2 )  adsorption on a solid; (3) chemical conversion to another 
compound (Kohl and Riesenfeld, 1979). Also research works 
are still done for all of these processes to improve them. Re- 
cently, the public has become interested in the following types 
of gas purification: (1) removal of indoor air pollutants; (2) 
complete removal of dioxin from incineration plants; (3) com- 
plete removal of radioactive iodine compounds; (4) simulta- 
neous removal of NOx and SOX in exhaust gases from co- 
generation plants; ( 5 )  removal and decomposition of halocar- 
bons; (6) ultrahigh purification of gas used for semiconductor 
industries. These process gases contain electronegative impu- 
rities such as sulfur compounds and halogen compounds. 
Hence, development of efficient methods for the ultrahigh 
purification is expected. In order to achieve this develop- 
ment, it is very important to propose a new concept of gas 
purification based on a knowledge of physics that has not yet 
been applied in the research field of gas separation. 

Gas-discharge technology is one promising method of 
achieving such ultrahigh purification. This method has been 
used in ozonizers (Devins, 1956) and electrostatic precipita- 
tors (White, 1963; Ogawa, 1984; Mffler, 1988). It is also well 
known that high-energy electrons generated by gas discharge 
ionize a gas and induce a plasma. Masuda (1987, 1991) and 

Masuda et al. (1987) have proposed an air purifier using a 
pulse-corona-induced plasma or a surface-corona-induced 
plasma. Higher electron energies can be achieved by these 
technologies since higher electric fields are allowed in pulse- 
corona and surface-corona systems than in direct-current sys- 
tems because of the breakdown limits of the discharge. In the 
plasma region, electrons having oxidizing radicals (0, 0*, OH, 
0;)  and reducing radicals (NH, NH,, N:, N*, HZ, H*) are 
generated from the wet air or air containing ammonia. Air 
pollutants react with the active radicals, and gas purification 
is possible by converting them to a solid particulate (e.g., 
Hg-vapor to HgO), to a liquid (such as SO, to SO, or H,SO,), 
or to a gas (NO to NO,). These conversions are also achieved 
by an electron beam (Kawamura, 1989). An economic assess- 
ment comparing the initial and continuing costs of the con- 
ventional chemical process for DeNOx and DeSOx (am- 
monia catalytic process for DeNOx and calcium-gypsum 
scrubber for DeSOx) to the electron-beam process and the 
pulse-corona-induced plasma chemical process (PPCP) 
showed that PPCP is the most cost-effective of the three pro- 
cesses (Japan Association, 1991). However, low-energy elec- 
trons have not yet been used for gas purification. 

When low-energy electrons collide with gas molecules, 
some of them are captured by gas molecules, and negative 
ions are produced. This phenomenon is called “electron at- 
tachment” (Massay, 1976). Electron attachment depends on 
electron energy, the structure of the gas molecule, and its 
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electron affinity. There is a large difference in the attach- 
ment probability of gas molecules, and this high selectivity is 
observed in the production of negative ions (Massay, 1976, 
1979; Caledonia, 1975). Therefore, electronegative impurities 
of very low concentration become negative ions by electron 
attachment, and they can be separated from the neutral gas 
in an electric field. Tamon et al. (1989) constructed two kinds 
of separation equipment using a photocathode and glow dis- 
charge as electron sources. They reported the possible use- 
fulness of this separation method by measuring the separa- 
tion efficiency of sulfur hexafluoride (SF,) from nitrogen (N2). 
They found that the removal efficiency was high at a very low 
concentration of SF,. 

Since in most cases the process gas contains highly elec- 
tronegative impurities, electron attachment seems to be the 
most effective way to remove them in an electric field. The 
purposc of our work is to establish a method of gas purifica- 
tion by electron attachment. In this article, we propose the 
concept of gas purification using low-energy electrons gener- 
ated by corona discharge, and study the possibility that gas 
purification is achieved based on this concept. Then we pre- 
sent two types of corona-discharge reactors, and remove sul- 
fur compounds, iodine (I,), and oxygen (0,) from N, as the 
first step of the research. We also discuss the purification 
mechanism, and try to correlate the removal efficiency based 
on simulation models. 

Principle of Gas Purification 
Figure 1 illustrates the principle of gas purification. High 

voltage is applied in a cylindrical reactor. The piano wire 
stretched at the ccnter of reactor is a cathode, and the outer 

cylinder is an anode. The electrons are produced by corona 
discharge. During their drift to the anode in the electric field 
a part of them collides with gas molecules, and negative ions 
are produced by electron attachment. 

For example, electron attachment to SF, is given as follows 
(Hickam and Fox, 1956). SF; is produced by the impact of 
electrons with nearly zero energy: 

SF, + e + SF;. (1) 

When electron energy increases, SF; is formed according to 
Eq. 2: 

SF,+e-,SF; +F.  ( 2 )  

SF; and SF; also drift from the cathode to the anode, 
just as the electrons do. Because of this process the concen- 
tration of electronegative component at the anode is higher 
than that in the central part of the reactor. It is therefore 
very important to know how to remove the component at the 
anode. 

We propose two ideas of corona-discharge reactors to re- 
move negative ions at the anode as shown in Figure 2 (1) a 
deposition-type reactor, and (2) a sweep-out-type reactor. In 
the deposition-type reactor the negative ions adhere to the 
anode surface after they lose electrons there. The 
deposition-type reactor is not effective in removing elec- 
tronegative impurities not deposited by the negative ions at 
the anode surface. Thus, we have proposed the sweep-out- 
type reactor. The anode of this reactor is a porous pipe made 
of sintered metal. A certain amount of gas is swept out 
through this pipe to remove the enriched electronegative 
component. 

Direct power supply 
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-3c-15kV 

- II Ground 

1 Gasoutlet 

Figure 1. Principle of gas purification. 
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Figure 2. Equipment ideas of corona discharge reactor. 
(1) Deposition-type reactor. (2) Sweep-out-type reactor. 
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Figure 3. Experimental apparatus. 

Gas Purification by Deposition-type Reactor 
Experimental studies 

Figure 3 shows a schematic diagram of the experimental 
apparatus. A sulfur compound was mixed with N, in a gas 
mixing device (Kojima Manufacturing Co. Ltd., KOFLOC 
GM-2A) and was then fed to a corona-discharge reactor. Sul- 
fur hexafluoride (SF,), dimethyl sulfide ((CH,),S), carbonyl 
sulfide (COS), hydrogen sulfide (H,S), methyl mercaptan 
(CH,SH), carbon disulfide (CS,), and sulfur dioxide (SO,) 
were used as sulfur compounds. The reactor was connected 
to a direct power supply (Nichicon Co., DCG-50k2T). The 
gas flow rate was measured by a soap film meter. 

Concentrations of sulfur compounds at the inlet and the 
outlet of the reactor were determined by a gas chromato- 
graph (Shimadzu Corporation, GC-7A) with a flame photo- 
metric detector (FPD). A gas chromatograph (Yanagimoto 
Mfg. Co., Ltd., G-2800) with an electron capture detector 
(ECD) was used to measure the very low concentration of 
SF,. Fluorine (F) was absorbed into 0.1-N NaOH solution, 
and the concentration was measured by a UV-spectrometer 
(Shimadzu Corporation, UV-260) according to the method 
proposed by Murakami (1982). 

A detailed drawing of the reactor is shown in Figure 2. The 
cathode is a piano wire whose diameter is 0.3 mm, and the 
anode is a brass pipe whose inner diameter and length are 38 
mm and 280 mm, respectively. Direct power of -3 kV to 
- 15 kV is applied to the reactor to induce corona discharge. 
Negative ions are formed by electron attachment in the reac- 
tor. The ions drift to the anode in an electric field and de- 
posit at the anode surface. 

The removal ratio q is defined by the following equation. 

where C,, and CAl are the inlet and outlet concentrations of 
the reactor. The removal ratio was experimentally deter- 
mined under various conditions of inlet concentrations, 
corona discharge currents, and gas flow rates. 

Removal of SF, from N, 
Figure 4 shows the removal efficiency of SF, from N, at 

various inlet concentrations of the reactor. The gas flow rate 

n 
I 
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Figure 4. Removal efficiency of SF, from N,: SV=18.9 
h-'. 
Open symbol, measured; filled symbol, correlated. 

Q, was around 1.67 X m3/s, and an atmospheric pres- 
sure was used in the reactor for all experiments. The abscissa 
is a discharge current, Z, and the ordinate is the removal ra- 
tio 1v defined by Eq. 3. It is found that * is better the higher 
Z is, because the probability of electron attachment increases 
with the number of electrons colliding with SF,. 

It can be seen that 1I' increases as C,, decreases. For ex- 
ample, when c,, is 1 ppm or 176 ppb, about 99% of sF6 are 
removed from the reactor. Consequently, if sufficient elec- 
trons compared with electronegative gas molecules are sup- 
plied to the reactor, the removal efficiency improves. 

The influence of gas flow rate, Q,, on the removal ratio T 
of SF, in N, is given in Figure 5. Inlet concentrations C,, 
are 300 ppm and 1.05 ppm, and the corona discharge current 
I is 1.2 mA. It can be seen that W decreases as Q, increases. 
When the space velocity (SV) is 163 h-', only 10% of SF, 
molecules are removed at 300 ppm. On the other hand, about 

1.0 

0.6 Q 

0.4 

CAo = 300 ppm 

0.2 

0.0 L...,. P 
0 50 100 150 200 

SV [h-' ]  
Figure 5. influence of gas flow rate on removal effi- 

ciency of SF,. 
Open symbol, measured; filled symbol, correlated. 
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Figure 6. Relation of outlet concentration of fluorine C, 
and C,,-CA,. 

65% of SF, molecules are removed at 1.05 ppm. One can see 
that the removal of SF, is mainly influenced by the ratio of 
the number of electrons to the SF, molecules. 

Electron attachment to SF, 
Electron attachment to SF, takes place as shown in Eqs. 1 

and 2 (Hickam and Fox, 1956). Reaction-rate constants of 
electron attachment depend on electron energy, and electron 
energy depends on the ratio of electric field strength, E ,  to 
pressure, p ,  or, E/p.  Chain et al. (1962) have reported that 
electron energy depends on the value of E/p  in N,. There- 
fore the rate constant in Eq. 1 or Eq. 2 is a function of E/p .  
The distribution of E/p in the present reactor was calcu- 
lated, and the distribution of electron energy was also esti- 
mated. The estimated result shows that electron energy in 
the reactor is more than 0.3 eV. Hickam and Fox (1956) have 
reported the variation in the electron energy of the yield of 
SF; and SF; by electron impact in SF,, and shown that 
SF; is the main ion in case that electron energy is more than 
0.3 eV. It can thus be seen that the dissociative attachment 
given by Eq. 2 takes place in the present reactor. 

0.0 0.5 1.0 1.5 2.0 

I [mAI 
Figure 7. Removal efficiency of (CH,),S from N,:SV= 

18.9 h-’ . 
Open symbol, measured; filled symbol, correlated. 
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Figure 8. Removal efficiency of SO, from N,:SV=18.9 

h-’. 
Open symbol, measured; filled symbol, correlated. 

In order to verify that the electron attachment reaction is 
expressed by Eq. 2 in the present reactor, the analysis of F at 
the outlet of the reactor was carried out. Figure 6 gives the 
relation of C, at the reactor outlet and the value of CAo-CA,,  
which means the concentration of the F atom produced by 
Eq. 2. Since F produced in the reactor repeatedly deposits 
and desorbs at the anode surface, the measured values of C, 
are scattered. The concentration of F, however, almost agrees 
with the one calculated from the inlet and outlet concentra- 
tions of SF,. This result also indicates that the dissociative 
attachment given by Eq. 2 occurs in the reactor and SF; 
deposits at the anode surface. 

Removal of other sulfur compounds from N, 
We conducted removal experiments of (CH,),S, SO,, 

CH,SH, CS,, COS, and H,S at several inlet concentrations 
and gas flow rates. Examples of the experimental results are 
shown in Figures 7 and 8. These figures indicate that * in- 
creases with I and becomes high as C,, decreases. Similar 
removal behaviors for other sulfur compounds were ob- 
served. The values of SV for our removal experiments are 
shown in Table 1. On the other hand, the values of SV for 
the real plants have been reported as follows (Kohl and 
Riesenfeld, 1979): 13.3 h-’ for SO, removal by the magne- 
sium oxide scrubbing; 90-419 h-’ for SO, removal by a 
Cominco process absorber; 5.38 - 37.4 h-’ for H,S removal 
by the iron oxide purifier; and 81 - 92 h-’ for the removal of 
organic sulfur by the soda-iron plant. The practicality of SV 
can be seen in the present work. 

If reaction by-products are generated by electron attach- 
ment and are hazardous, we should remove them by conven- 
tional methods such as absorption and adsorption. It is very 
important to identify by-products generated in the reactor. In 
this work, no by-products were observed in the removal of 
(CH,),S, SO,, H,S, COS, and CS,. Some by-product, which 
was thought to be produced by a dissociative attachment re- 
action, was detected by a gas chromatograph in the removal 
of CH,SH. Although it hasn’t been identified yet, its concen- 
tration seems to be very low, because the chromatogram 
shows its peak area to be much smaller than that of CH,SH. 

The experimental results indicate that the order of re- 
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Table 1. Correlating Results for Experimental Data 

Neg. 
Ion 
SF; 
S-  
S -  
S- 
S-  
S- 
S -  

Parameters 
[m3* mol- s- * 1 

kl  Pe k */P B - 

9.83 X lo9 8.79 x lo9 
6.00X lo9 7.65 X lo9 
8.34 x lo8 9.99 x 10" 
6.04X lo9 8.25X 10" 

1.75 X 10" 
3.91 X lo9 

2.62 x 109 0 
3.36 X lo9 
1.48 X 10" 

Space vel. 
sv 

[h-'] 
4.67 - 163 
11.5 - 64.1 
8.96 - 212 
3.67 - 185 
4.67 - 169 
4.70 - 28.5 
8.56 - 69.0 

Std. 
Dev. 
0.045 
0.094 
0.069 
0.106 
0.100 
0.076 
0.086 

moval efficiency is H,S > SF, > CH,SH > (CH,),S > CS, > 
COS > SO,. The removal efficiency of sulfur compounds in 
N, is high at low CAo, large I ,  and small Q,. It can be con- 
cluded therefore that the present method can remove the 
sulfur compounds. Since oxygen and moisture often coexist in 
the actual process, we report their influence on removal effi- 
ciency in a subsequent article. 

Analysis of used anode by EPMA 
In order to investigate the removal mechanism of sulfur 

compounds in the reactor, it is important to understand the 
deposition of negative ions at the anode surface. The distri- 
bution of sulfur on the anode surface used to remove sulfur 
compounds was measured by an electron probe microanalysis 
(EPMA). An X-ray microanalyzer (Horiba, Ltd., EMAX- 
2200s) was used for this analysis. Figure 9 shows a scanning 
electron microscope (SEMI image of the anode surface 

Figure 9. Distribution of sulfur on anode surface by 
EPMA. 

(Hitachi, Ltd., S-510). The wavy white line indicates the dis- 
tribution of sulfur scanned along the white straight line, 
showing that sulfur atoms uniformly distribute on the anode 
surface. 

Simulation of removal eficiency of sulfur compounds 
The electron attachment reaction and the transport mech- 

anism of electrons and negative ions in an electric field are 
modeled to correlate the removal ratio of sulfur compounds 
in N,. Typical electron attachments are dissociative, dielec- 
tric, radiative, and three-body (Massay, 1976). Dissociative 
attachment has a larger reaction-rate constant than other at- 
tachments. Therefore the following reaction is considered in 
the present work: 

Negative ions produced by this reaction are shown in Table 
1. Although a reaction by-product of F was generated from 
SF,, F was not removed in the present reactor, as shown in 
Figure 6. In the removal of other sulfur compounds, no reac- 
tion by-products were observed with the exception of a by- 
product of CH,SH, which was also considered to be negligi- 
bly small. Consequently, we have neglected side reactions in 
this work. The reaction rate is given by Eq. 5. 

In this work, we use the following assumptions to correlate 

1. A gas flows as a piston flow in the reactor. 
2. Electrons and negative ions transfer to the anode by 

drifting in the electric field. 
3. Reaction-rate constants, the mobility of electrons, and 

the mobility of negative ions are kept constant regardless to 
the electric field strength. 
4. All negative ions prloduced by electron attachment de- 

posit at the anode surface. 
Although the gas flow is laminar in the reactor because of 

the low Reynolds number, we have assumed a piston flow. In 
a corona-discharge reactor, ionized gas molecules induce a 
gas convection, the so-called "ion wind" or "corona wind" 
(Yabe et al., 1978; Yamamoto and Velkoff, 1981; Uffler, 
1988). The corona wind has been studied several times to 
estimate its influence on the efficiency of the electrostatic 
precipitator because the wind disturbs dust collection, and is 
considered to be 1.5 - 2.0 m/s (Yabe et al., 1978). Even if the 
gas flow is laminar in the reactor, the wind trends to flatten 
the gas velocity profile and to reduce the thickness of the 
boundary layer on the anode. Since a corona wind of 1.5 - 2.0 
m/s takes place in the radial direction of the reactor, the 
reactor is considered to be perfectly mixed in the radial di- 
rection. 

It has been reported that the reaction-rate constant of 
electron attachment depends on the electric field strength 
(Massay, 1976). However, dependency on various sulfur com- 
pounds has not been reported in the literature. We have 
adopted the preceding assumption as the first approximation. 

the removal ratio of sulfur compounds in a steady state: 
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In the future, we should simulate the removal efficiency of 
sulfur compounds by taking the dependency into account. 

A mass balance equation for an electron in the radial di- 
rection is given by Eq. 6: 

( l /r)d(rNer) /dr  = R,. ( 6 )  

In Eq. 6 N,, is a molar flux of electron, and is expressed by 
Eq. 7.  

N,, = Ceu, = C, p, E .  ( 7 )  

The electric field strength E is as follows: 

E = V / { r  In(R/R,)}. (8) 

From Eqs. 5, 6, 7 and 8, 

As for negative ion B -, the following equation is derived by a 
charge balance: 

The mass balance of components A and C in the axial 
direction of the reactor give Eqs. 11 and 12: 

R 
Q(,dC,/dz = - 2 ~ 1  r(k,C,C, - k2C,C, - )  dr (11) 

RU 

R 
Q,dC,/dz = 2 ~ /  r(k,C,C, - k2CcC,- )dr. (12) 

R 11 

The boundary conditions are given as follows. At the reac- 
tor inlet, 

At the cathode surface, 

C,-=0, C,=O, C,=C,, at r = R ,  (14) 

where C,, is given by Eq. 15. 

The electron flux at the cathode surface, Nee, is 
N,, = I/( 2 T R  0 ZQ,, NA v 1. (16)  

In Eq. 8, E, is the electric field strength at r = R,. Accord- 
ingly, C,, in Eq. 14 becomes 

The removal ratio can be estimated by solving Eqs. 9 to 12 
under the boundary conditions Eqs. 13 and 14. It is conve- 

nient to introduce the following dimensionless variables to 
the fundamental equations: 

These dimensionless variables are inserted into Eqs. 9 and 10 
to derive the following equations: 

Equation 20 is inserted into Eq. 19, and the following equa- 
tion is obtained by integrating Eq. 19 under Eq. 14 because $ 
and K are constant in the radial direction of the reactor, ac- 
cording to the assumption 

Equations 11 and 12 become Eqs. 22 and 23 by using the 
dimensionless variables: 

From Eqs. 22 and 23, 

Inserting Eqs. 20, 21 and 24 into Eq. 22, and integrating the 
obtained equation, the following equation is derived: 

Equation 13 becomes Eq. 26. 

$ = 0  at y=O.  (26) 

Equation 25 can be numerically solved by using the 
Runge-Kutta method. The value of $ at y = 1 is defined as 
the removal ratio 9 according to Eq. 3. In calculating the 
removal ratio, the rate constants for electron attachment and 
the mobility of negative ions are unknown. Therefore, an op- 
timization program, which is the Marquardt method, was used 
to determine k ,  and p , k z / p B - .  Although electron attach- 
ment reactions are reported in the literature (Caledonia, 1975; 
Massay, 19761, attachment to sulfur compounds has not been 
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verified, except in SF,. In the present work, SF; and S- are 
regarded as the negative ions produced by electron attach- 
ment, as shown in Table 1. 

Parameters k, and p,k2/kB- have been determined by 
adjusting the parameters for all experimental results under 
various conditions of different inlet concentrations, discharge 
currents, and gas flow rates, and are listed in Table 1. The 
standard deviations of the correlated results from the experi- 
mental ones are also shown in Table 1. 

As seen in Table 1, the parameters k ,  = 9.83 X lo9 m3- 
mol-l-s-' and ,uek,/pB- = 8.79X1O9 m3~mol- '-s- '  have 
been determined in the removal of SF,. These results seem 
to be reasonable when compared them with other results. 
Fehsenfeld (1970) has reported k, = 1 . 3 2 ~  10" m3*mol-'- 
s - '  by an afterglow method. The reported rate constant is 
considered to be large because the electron energy in this 
method is very low. On the other hand, Ayala (1981) has re- 
ported k, = 3 . 2 5 ~  10" m3.mol-'-s-' by a pulse-sampling 
method, in which electron energy is larger than that in an 
afterglow method. Since the energy is less than that in corona 
discharge, the rate constant reported by Ayala (1981) is a lit- 
tle bit larger than that in the present work. 

Figures 4 and 5 compare the correlated removal ratio of 
SF, and the measured one. Open symbols mark the meas- 
ured removal ratios, while filled symbols mark the correlated 
ones. The correlated results fit very well with the experimen- 
tal results. Figures 7 and 8 show the examples of correlated 
results for (CH,),S and SO,. A similar correlation was ob- 
tained for H,S, CH3SH, CS,, and COS. The parameters as- 
certained are shown in Table 1. Table 1 also shows that the 
values of k, for (CH,),S and SO, are 3.91 X lo9 and 8 . 3 4 ~  
10' m3.mol-1.s-1, and Figures 7 and 8 show that W of 
(CH3),S is about twice that of SO,. If electronegative impu- 
rities have these different rate constants, they seem to be dif- 
ferentiated by the present method. As seen from these fig- 
ures and Table 1, the influence of the concentration of gas at 
the inlet, discharge current, and gas flow rate on the removal 
efficiency can be evaluated by the proposed model. 

Although the agreement of correlated results and experi- 
mental ones suggests that SF; or S- is produced in the re- 
actor, this is no more than an indirect confirmation of elec- 
tron attachment. A more sophisticated investigation for the 
attachment mechanism will be needed in the future. We 
should also study the feasibility of the present method by 
comparing its initial and continuing costs with the costs of 
conventional methods for gas purification. 

Gas Purification by Sweep-out-type Reactor 

Experimental studies 
Figure 10 shows a schematic diagram of an experimental 

apparatus for 0, removal. The apparatus is placed in a box, 
and leakage of 0, from the room air is prevented by feeding 
N, to the box. Figure 11 shows a schematic diagram for I, 
removal. I ,  sublimates in a temperature-controlled bath, and 
is mixed with N,. Teflon tubes and connections are used in- 
stead of metal ones to prevent I ,  from reacting with the metal 
surface in the apparatus. 

Concentrations of 0, at the inlet and the outlet of the 
reactor were determined by an oxygen analyzer (Toray Indus- 
tries, Inc., LC-700). I was absorbed into a KI solution (2 X 

Figure 10. Experimental apparatus for 0, removal. 

mol/m3), and the concentration was measured by a 
UV-spectrometer (Shimatlzu C o p ,  UV-260) according to the 
method proposed by Adachi et al. (1971). 

A detailed drawing of the reactor is shown in Figure 2. The 
inner piano wire, whose diameter was 0.3 mm, was used as 
the cathode, and the anode was a brass porous pipe whose 
inner diameter was 36 mm and length was 280 mm, respec- 
tively. The anode was made of sintered metal, whose pore 
diameter was 1.0 pm and porosity was 38%. Direct power of 
- 3 kV to - 7 kV was applied to the reactor to produce low- 
energy electrons. Negative ions were produced by the elec- 
tron attachment to O2 or I,. The ions drifted to the anode, 
and a portion of the negative ions adhered there. Other ions 
became neutral molecules after they lost electrons there. The 
enriched neutral molecdes were swept out through the 
porous anode. Since the concentration of electronegative 
component at the anode was higher than that in the center of 
the reactor, back diffusion of the component occured from 
the anode to the central part of reactor. Because corona wind 
takes place in the reactor, the boundary layer on the anode 
surface was very thin, anti the back diffusion rate large. It is 
therefore very important to choose an adequate sweep-out 
rate to prevent back diffusion. 

Removal of 0, and I, from N2 
Figure 12 shows the removal efficiency of 0, from N, at 

some gas flow rates. The corona discharge current, I ,  is 1.5 
mA. It can be seen that W, defined by Eq. 3, increases with 

Figure 11. Experimental apparatus for I, removal. 
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Figure 12. Removal efficiency of 0, from N, by 

sweep-out-type reactor. 
Open symbol, measured; filled symbol, correlated. 

Q2/Qo. The removal efficiency of I, is shown in Figure 13. I, 
removal gives a similar tendency to 0, removal. A part of 
negative ions drifting to the anode adheres there, and other 
ions are swept out or diffused back to the center of the reac- 
tor. Hence, it is impossible to distinguish the sweep-out ef- 
fect from the experimental results. It is necessary to estimate 
the sweep-out effect by using the simulation model described 
later. 

Simulation of removal eficiency 

moval of 0, or I, in this work: 
The following simple reaction simulates the efficient re- 

n 
I 
Y * 

(27)  
k l  A + C + A - .  

0.4 

0.2 

1 1.0 mA 4.3x10[:m3/s 1 
0 1.5 mA 3.7~10 m3/s 

CAo = 1.0ppm 

1 
d A  
W O  4 0 .  

(2 

Figure 13. 
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Removal efficiency of I, from N, by 
sweep-out-type reactor. 
Open symbol, measured; filled symbol, correlated. 

The reaction rate is given by Eq. 28: 

The following assumptions are adopted in addition to As- 
sumptions 1 to 3 used in the deposition-type reactor: 

5. A portion of the negative ions produced by electron at- 
tachment adheres to the anode surface, and the probability 
of deposition is defined as an accommodation coefficient a. 
The value of a is the ratio of the molecules deposited at the 
anode to the colliding ones. 

6. The sweep-out rate per unit anode area is kept constant 
along the reactor. 

The mass balance equation of an electron in the radial di- 
rection is given by Eq. 6. From Eqs. 6, 7, 8 and 28, we get 

(29) 

Because C, is constant in the radial direction of the reac- 
tor according to the assumption, Eq. 29 can be solved by Eq. 
14: 

L 1 

The molar flux of A in the boundary layer NA can be esti- 
mated as follows: 

where v, is the sweep-out velocity and is given by Eq. 33: 

The boundary conditions are given by the following equa- 
tions: 

C;=C, at r = R - 6  (34) 

CA=CA2 at r = R .  (35) 

The concentration profile of A ,  C>, can be obtained by solv- 
ing Eqs. 31 to 33 under Eqs. 34 and 35. Then the molar flux 
of A at the anode surface NiR  is given by Eq. 36: 

1 

R 
NAR = - (36) 

The relation of C, and C,, is derived from the mass bal- 
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I 

Figure 14. Mass balance in boundary layer. 

ance at the anode surface shown in Figure 14. The mass bal- 
ance at the anode surface is given by Eq. 37: 

NA-R = N i R  + N, + No (37) 

where the molar flux of negative ion NA-R is the following: 

(38) 

The molar flux of component A ,  N,, is swept out through 
the anode and is given by the following equation: 

In Eq. 37 No is the disappearing molar flux at the anode 
surface by deposition of negative ions and is given by Eq. 40 
using the accommodation coefficient a :  

No = aNA-,. (40) 

The following equation is derived by inserting Eqs. 36 and 
38-40 into Eq. 37: 

2TZp.,(Ce, - Ce,)V 
cA - c,, = (1 - a )  Q, In (R/R,) 

r 1 

Equation 42 is derived by the mass balance of components 
A in the axial direction of the reactor: 

Since the sweep-out rate per unit anode area is constant, the 

Table 2. Correlating Results for Experimental Data 

k ,  6 SV Std. 
Comp. [m3-moI-'.s- '] a [ml [h - ' ]  Dev. 

0 2  2.13 X 10" 0.03 8.12X 81.3 - 1255 0.025 
1 2  4.40X10'0 0.20 8.12X10-5 110 - 1145 0.175 

flow rate Q at an arbitrary position in the axial direction of 
reactor becomes 

By inserting Eqs. 40 and 43 into Eq. 42, 

(44) 

Also, C, can be determined by solving Eqs. 41 and 44. 
Here it is convenient to introduce the dimensionless variables 
defined in Eqs. 18 and 45 to these equations: 

1 
y = l -  . 7 = Q,/Q,. (45) 

These dimensionless variables are inserted into Eqs. 41 and 
44, and the following equation is derived: 

Equation 46 can be solved using the boundary condition Eq. 
26. The value of 9 at y =: 1 is q according to Eq. 3, and q is 
given by Eq. 47: 

(47) 

In the correlation of the removal ratio, q, the rate con- 
stant of electron attachment, k, ,  the thickness of boundary 
layer, S, and the accommodation coefficient, a ,  are unknown. 
The value of diffusion coefficient D was predicted by the 
Chapman-Enskog formulas (Chapman and Cowling, 1951; 
Hirschfelder et al., 1954). The values of k , ,  a and S are ad- 
justed by the Marquardt method for all removal data. The 
values of k , ,  6 and a are listed in Table 2. Standard devia- 
tions of the correlated results from the experimental ones 
and space velocities are allso presented in Table 2. Compari- 
son of the observed removal ratio and the correlated one is 
shown in Figures 12 and 13. It can be seen that the corre- 
lated removal ratio agrees with the one observed. 

As described before, a wind of 1.5 - 2.0 m/s occurs in the 
radial direction of the reactor (Yabe et al., 19781, and the 
thickness of boundary layer S on the anode is very thin. The 
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Figure 15. Sweep-out effect and influence of reactor 
shape on 0, removal. 

value of S was determined from the heat transfer coefficient 
when hot air perpendicularly impinged on the plate. When 
the corona wind is 1.5 m/s, 6 seems to be 5.6 X - 2.2X 
lOW4 m. Accordingly, the value of S determined in the pre- 
sent work is considered to be reasonable, as shown in Table 
2. 

Sweep-out eflect 
It is important to evaluate how the removal efficiency is 

improved by the sweep out. However, it is difficult to sepa- 
rate the sweep-out effect from the experimental results be- 
cause the deposition of negative ions also takes place in the 
reactor. Therefore, we have studied the effect by using the 
proposed model. In order to obtain the removal ratio when 
the sweep-out effect is negligibly small, the simulation was 
also carried out under conditions where S is very thin and 

= 1.0 ppm Q, = 6.67~10 m /s 
0.8 k = 4.40~10 m / (mobs) 

Z = 0.5 mA a = 0.2 

O.6 - R = 0.043m Z=O.OSrn ,4- 
I 

0.01 ' ' ' ' 
0.0 0.2 0.4 0.6 0.8 1.0 

Figure 16. Sweep-out effect and influence of reactor 
shape on I, removal. 

that back-diffusion is controlling. Here the electronegative 
component is removed solely by the deposition of negative 
ions. We can evaluate the sweep-out effect by comparing the 
two simulation results. 

Figures 15 and 16 show the sweep-out effect in the re- 
moval of 0, and I,. The solid lines indicate the results simu- 
lated using the parameters listed in Table 2, while the dotted 
lines show the simulation results when it is assumed that 6 is 
very thin. The difference between the solid and dotted lines 
is considered to be the sweep-out effect. When the sweep-out 
rate increases, the difference increases and the sweep-out 
helps increase the removal efficiency. Figures 15 and 16 show 
that the sweep-out effect for 0, removal is larger than that 
for I,. 

Table 2 shows that k ,  for 0, is larger than that for I,, and 
that a for I, is larger than that for 0,. Since the negative ion 
of 0, is more than that of I , ,  a large amount of negative ion 
becomes the neutral molecule at the anode surface in the 0, 
removal. 0, is easily removed by sweep-out compared with 
I ,. It is therefore concluded that the sweep-out-type reactor 
is effective in removing the electronegative impurity whose k ,  
is large and a is small. 

Conceptual design and reactor shape 
Figures 15 and 16 also show that the reactor shape influ- 

ences the removal efficiency of 0, and I,. In these figures, 
the solid lines indicate the simulated results for the corona- 
discharge reactor used in the present work, while the broken 
lines denote the simulated results in a different reactor shape 
( R  = 0.043 m and Z = 0.05 m), whose reactor volume is the 
same as the one constructed in this work. The dotted lines in 
these figures are the simulated results for both reactor shapes 
when it is assumed that 6 is very thin and that the back-dif- 
fusion is controlling. Here the applied voltage and the dis- 
charge current are assumed to be independent on the reactor 
shape. The short and flat reactor increases the removal ratio, 
intensifies the sweep-out effect, and is desirable for a sweep- 
out-type reactor. This is because the anode area becomes 
small and the sweep-out velocity becomes large as the reactor 
radius becomes large at the same reactor volume. Moreover, 
electron attachment is accelerated since the electron density 
per unit cathode length increases when the reactor length is 
reduced. 

We proposed the sweep-out-type reactor, and tried to ver- 
ify its design by the removal of 0, and I ,  from N,. The prin- 
ciple of the proposed reactor has been verified by the experi- 
ment and the simulation. However, the sweep-out effect is 
not large because a portion of the negative ions of 0, and I ,  
adheres to the anode surface. We feel that this type of reac- 
tor would be effective in removing the impurities not de- 
posited by the negative ions. More detailed study will be 
needed in the future. 

Conclusions 
Negative ions are produced by electron attachment to gas 

molecules. In the present work, a new concept of gas purifi- 
cation based on electron attachment was proposed. Electrons 
were produced from a cathode in a corona-discharge reactor, 
and drifted to an anode in an electric field. Electrons were 
attached to electronegative impurities during their drift from 
the cathode to the anode, forming negative ions. The ions 
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drifting in the electric field adhered to the anode surface or 
were swept out through the porous anode. 

In order to verify the proposed concept of gas purification, 
we constructed two types of corona-discharge reactors, and 
conducted removal experiments of dilute SF,, (CH,),S, COS, 
H,S, CH,SH,,CS,, SO,, 0,, and I ,  from N,. The removal 
efficiency increased with the discharge current, and de- 
creased with the concentration of electronegative compo- 
nents. Consequently, it was found that a high removal effi- 
ciency was achieved if sufficient electrons compared with 
electronegative gas molecules were supplied to the reactor. 

To estimate the removal efficiency in the deposition-type 
reactor and the sweep-out type reactor, simulation models 
were proposed by taking into account the electron attach- 
ment reaction and the transport mechanism of electrons and 
negative ions in the electric field. Experimental constants ap- 
pearing in the models were determined from the experimen- 
tal results by an optimization program. The correlated results 
by the proposed model agreed well with the experimental 
ones. It was found that the proposed models were useful in 
the design of corona-discharge reactors for gas purification. 
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Notation 
NAv = Avogadro’s number, mol- ’ 
Q,, =charge of one electron, C 

R =radius of anode in reactor, m 
R ,  =radius of cathode in reactor, m 

r =coordinate along the radius of reactor, m 
t =time, s 

V = discharge voltage, V 
u, =velocity of electron, m/s 
u, =velocity of gas, m/s 
Z =length of reactor, m 
z =coordinate along the axis of reactor, m 

Greek letters 

pA- =mobility of negative ion, m2.V-’.s-’ 
p B -  =mobility of negative ion, m2.V-’.s-’ 

p, = mobility of electron, m2 * V- ’ - s- ’ 
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