Electrostatic separation of airborne molecular
contaminants by ionization
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"Abstract

A new technique for separating trace vaporous and gaseous components (AMCs) from carrier
gases was proposed, which utilizes preferential ionization and electrical migration of ions.
Nitrogen and oxygen flow containing toluene vapor was divided into two flows, while the flow
was irradiated with alpha-ray or soft X-ray under the electrical field. The ionized toluene
molecules in one flow electrically migrated into the other flow causing toluene rich and free
carrier gas flows. The maximum separation efficiency of the improved separator was 67% from
the nitrogen gas containing toluene vapor of 0.15ppm. The dependency of toluene separation
efficiency on the applied voltage was the same as that of cation separation efficiency.

The influence of AMC concentration and the intensity of X-ray irradiation on the separation
efficiency was investigated in order to elucidate the separation mechanisms of AMs.
Experimental results showed that a higher separation efficiency is attained with a higher
intensity of the soft X-ray source and that the separation efficiency increases with decreasing the
-AMC concentration. The dependency of the AMC separation efficiency on these factors was
well explained by the proposed separation model, which accounts for the reactions of AMC
intermediates and reactive primary cations of carrier gas molecules.

Proposed ionization separation technique was applied to the separation of carbon dioxide. As a
result, it was found that carbon dioxide can be separated mostly' in the form of anion whereas
toluene vapor was separated in the form of cation. The maximum efficiency of electrostatic
separation of carbon dioxide was 14% when helium stream contains 2.4 ppm of carbon dioxide
at the applied voltage of GOOV.

Introduction

Removal of airborne molecular contaminants (AMCs), i.e., vaporous or gaseous
contaminants from air and other gases has been of great concern for indoor air quality and
semiconductor manufacturing processes. Although AMCs can be removed by adsorption with
activated carbons and other sorbents, adsorption method has several drawbacks, e.g., necessity
of adsorbent replacement or desorption of adsorbates after adsorption equilibrium and high
pressure drop through the adsorption bed. An effective removal technique of AMCs from indoor
air and other gases with low energy consumption is required.
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Gaseous molecules in the atmosphere are jonized by irradiation with radioactive source,
electrical discharge, and combustion, etc. Irradiation of radioactive rays or corona discharge
injtially generates primary positive ions and free electrons. The free electrons readily attach to
electronegative species in air to form negative jons. Since the primary positive and negative ions
are unstable, secondary ionization due to ion-molecule reaction occurs by the collisions between
ions and neutral species. The ion-molecule reaction is influenced by the external electric fields.

This study proposes a new electrostatic separator of AMC molecules employing a
bifurcating flow and low electrical field, which utilizes ion-molecule reaction in ion generation
fields. The separation performance of AMC molecules such as toluene and carbon dioxide by
the irradiation of alpha-ray and soft X-ray was measured. The effect of the volumetric flow rate
on AMC separation efficiency were studied. The ion concentration flowing out from separator
was also measured in order to compare the ion separation efficiency with that of AMC.
Furthermore, The influence of AMC concentration and the intensity of X-ray irradiation on the
separation efficiency was investigated to seek the separation mechanisms of AMCs. The
dependency of the AMC separation efficiency on these factors was discussed by a proposed
separation model, which accounts for the reactions of AMC intermediates and reactive primary
cations of carrier gas molecules.

lonization Separator

Fig. 1 shows the structure of ionization-separator. Flow containing AMCs is split into
two flows, while the flow is being irradiated with alpha-ray from **' Am(2.6MBq) and soft X-ray
from Photoionizaer (Model L6941, Hamamatsu Photonics, Japan; energy: 3.0~9.5 keV) under
an electric field.

The intensity of soft X-ray can be adjusted by passing the soft X-ray through various
numbers of aluminum sheets (aluminum foil, thickness: 12um), and the intensity of X-ray was
measured with a dose meter (ICS-311, Aloka). The soft X-ray generator has a dose rate of
4.7x10° Gy/s at a distance 1 m away from the source. The dose rate corresponds to the
production rate of cations of 2.4x10'® m>s™ at 4 cm away from the source when the generation
of a pair of ions requirés the energy of 34 eV. In order to find the relationship between the X-ray
intensity and the ion generation rate in the separator, we measured the ion concentration at the
outlet of separator with an ion counter by changing the relative intensity of X-ray using
aluminum sheets. The relationship is shown in Fig. 2. As seen in Fig. 2, the ion current is not
proportional to the intensity of X-ray, and 70 % reduction in the X-ray intensity leads to a
decrease in ionization capability by about 46 %. '
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Fig. 1 Schematic of the ionization-separator. Fig. 2 Soft X-ray intensity versus ion

current. N, gas flow rate = 1.5L/min.
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Experimental Method

Toluene vapor was used as a AMC. Since toluene (proton affinity: 794 kJ/mol,
ionization potential 8.82 eV) has a higher proton affinity and smaller ionization potential
compared to the nitrogen (proton affinity: 494.5 kJ/mol, ionization potential 15.58 eV), toluene
tends to be in the form of cation in an ionization region. Carrier gas of nitrogen (Purity:
99.99995 %, 0,<0.1 ppm, H,<0.3 ppm, CO<0.1 ppm, CO,<0.1 ppm, THC<0.1 ppm, H,O<1
ppm) is further purified by passing it through a liquid-nitrogen cold-trap. The purified nitrogen
is mixed with nitrogen containing toluene vapor (13 ppm) to obtain a given concentration, and
then introduced into the ionization-separator. Inlet flow is equally divided into two outlet flows,
and the inlet and outlet concentrations of toluene vapor are measured by sampling the gas with a
gasbag followed by the determination with a gas chromatograph (Shimadzu, GC-17A).

Results and Discussion

Separation of toluene

Fig. 3 shows the ratios of toluene outlet concentration to the inlet concentration as a
function of applied voltage. For both the irradiation of soft X-rays and that of alpha-ray, the
concentration ratio of the flow from the cathode is larger than unity, while the ratio of the flow
from the anode is less than unity, indicating that the separation of toluene occurs in the separator.
The ratio of toluene concentration with the soft X-ray is higher than that with the alpha-ray. The
concentration ratio curves for cathode outlet and anode are in a mirror image each other with
respect to the inlet concentration line (Outlet conc. / Inlet conc. = 1), suggesting that mass
balance of toluene holds and therefore no decomposition of toluene takes place in the separator.
Fig. 3 shows that the toluene concentration at the outlet of ionization-separator has a peak and
the maximum dimensionless concentration with soft X-ray is 1.3 at the voltage of 600 V.
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Fig. 3 Change in toluene concentration at the Fig. 4 Influence of volumetric flow rate on
outlet of ionization-separator with applied voltage. toluene separation efficiency. Carrier gas: N,.
Inlet toluene conc. = 500 ppb (1.0L/min.). Inlet toluene concentration: 0.26ppm

Influence of Flow rate.

Influence of volumetric flow rate on toluene separation efficiency is shown in Fig. 4
The separation efficiency curves have a peak at a given applied voltage in all cases. As the gas
flow rate increases, the separation efficiency peak shifts to a higher voltage. Maximum
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separation efficiency increases with decrease in the flow rate. It is considered that effective

separation of toluene requires a given residence time for toluene molecules to acquire electrical
charge by ion-molecule reaction.

Comparison of toluene separation and cation separation _

The cation concentration effluent from cathode outlet was measured by ion-couter. Fig,
S shows the comparison of separation efficiency of toluene vapor and that of cation. The
separation efficiency of toluene increases with the applied voltage, and attains 0.67 at applied
voltage of 1000V. The cation separation efficiency also increases with the applied voltage, and
reaches the maximum value at above 600V. The dependency of toluene vapor separation
efficiency on the applied voltage is similar to that of cation, indicating that the separation

efficiency of toluene in soft X-ray type separator is determined by the cation separation
efficiency.
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Fig. 6 Change in separation efficiency as a
function of the inlet AMC concentration. V =
600 V.

Influence of AMC concentration

Fig.6 shows the change in separation efficiency with the inlet toluene concentration.
The separation efficiency of toluene increases with decreasing the inlet toluene concentration,
implying that the present separator is more effective for removing a low concentration of AMC.
An increase in soft X-ray intensity brings the increased separation efficiency, and the rate of
separation efficiency reduction (37 % at 0.5 ppm) is similar to that of ion current (46 %) shown
in Fig. 2, because the increase in the soft X-ray intensity leads to a higher generation rate of
primary bipolar ions which in turn charge toluene molecules

Separation mechanism

Although many ion species are involved even in a binary gas mixture, here we consider
only neutral AMC molecules, V, and AMC ions, V'. When the generation of AMC ions is
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proportional to the number of neutral AMC molecules and the depletion of AMC ions is
proportional to the number of AMC ions, the mass balance of neutral AMC molecules and
AMC ions yields the following one-dimensional convective diffusion equations.

oC.. aC. . 0°C..
(')tv =(u-ZE) a;’ -aC,. + BCy + D, axz" 0))
oC,  dC, 8°C,
=y——+aC_.-pC, +D - (2)
('))‘ (,)x v ﬁ \% vV .. 2

where C is the concentration,  is the flow velocity, D is the diffusion coefficient, a and
+ B are the net depletion rate constant and the net generation rate constant of AMC ions,
respectively.  Z is the electrical mobility of AMC ions, and E is the electrical field strength. ZE
is equal to the ion drift velocity.

In this study, we hypothesize that AMC ions are generated via the reaction
intermediates of AMC, which is formed by the collisions of neutral AMC molecules with the
reactive primary cations of carrier gas molecules. The generation of AMC cations via the
intermediates, V", is given by

V+X" AV e X —b5Vi e X (3) XXt (4)
where k;, k> and k; are the reaction rate constants.
The generation rate of AMC ions, G (= BCy, in Eqgs. (1) and (2)) is given by:

S
G=dC,, [di =kC,.C . =—>"—-

L k
with K= I, 6)
where S is the production rate of reactive primary cations. K is the selectivity of AMC
ionization over self-ionization of carrier gas by the reactive primary cations. AMC ion
generation is given by a function of the production rate of reactive primary cation and inlet
AMC concentration.

Unfortunately, no complete set of reaction rates and kinetic constants for this system is
available at present. The values of electrical mobility and diffusion coefficient of AMC ions and
molecules are assumed to be in the range of those for the atmospheric ions and molecules”. the
rate constant of a is also assigned to be in the order of 10° referring to the previous work™. The
unknown values of S and K are varied parametrically for fitting the experimental data.

Fig. 6 also compares the dimensionless outlet concentration calculated for various
values of § and K with the experimental data. As shown in the figure, S determines the AMC
concentration at which the separation of AMC takes place, whereas K affects the increasing rate
of outlet concentration with the decrease in AMC concentration. The values of S which give the
best fit for the experimental data are 2.0x10™ and 7.5x10°' m™s respectively for 100 and 70 %
of X-ray intensity. The reduction in S due to the decrease in X-ray intensity nearly corresponds
to the ion concentration reduction due to the X-ray intensity reduction shown in Fig. 2. The
values of S which give the best fit for the experimental data are in the order of 10°'~10™ m”s™,
which is five to six orders of magnitude higher than that predicted by the X-ray intensity
(2.4x10"°m>s” at 4 cm away from the source). The big discrepancy might be attributed to the

involvement of reactive species other than reactive cations of carrier gas molecules in the
ionization of AMC molecules.
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Separation of carbon dioxide

Proposed ionization separation technique was applied to the separation of carbon
dioxide.In order to evaluate the separation performance of ionization-separator for CO, taking
into account the decomposition by the irradiation of soft X-ray during the separation, we
defined the CO, relative concentration from the separator as C* = C/Cy-o, where C is the outlet
concentration with soft X-ray irradiation and the applied voltage, and Cy-, is the outlet
concentration with soft X-ray irradiation without the applied voltage. Fig.7 shows the influence
of applied voltage on the relative concentration of CO, at the inlet CO, concentrations of 2.4
and 4.4 ppm in helium flow. CO, concentration is slightly higher than the inlet concentration
when the ground electrode is anode and it is considerably lower when it is cathode, indicating
that the separation of CO, does occur. We can see from Fig.7 that the migration of CO, in a
form of anion is dominant in the separator whereas toluene vapor was separated in the form of
cation. The CO, relative concentration has a minimum and maximum at the voltage of 600V
and -600V for both inlet concentrations, which is in agreement with the voltage at which the
maximum separation of toluene was attained.
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Fig. 7 Change in the relative concentration of CO, as a function of applied voltage.

Conclusiion ,

This study proposed a new electrostatic separator for airborne molecular contaminants
(AMC) molecules from various carrier gases. The separation mechanism is such that AMC
molecules are ionized via ion-molecule reaction in ion generation fields and are at the same time
concentrated into one flow of bifurcating flow by applied electrical field. The separation
efficiencies of AMCs have been studied experimentally and theoretically. The following results
were obtained:
(1) Toluene molecules were electrostatically separated by alpha-ray ionization and soft X-ray
photo-ionization. Toluene separation efficiency has a peek at a given applied voltage. The
maximum separation efficiency of the improved separator was 67% from the nitrogen gas
containing toluene vapor of 0.15ppm.
(2) The separation efficiency of toluene was determined by the separation efficiency of cations,
although the measured ion concentration was large order of magnitudes lower than the number
of separated toluene molecules
(3) The experimental separation efficiency of AMCss' increased with decreasing the inlet
concentration. The dependencies of the separation efficiency on the applied voltage and inlet
AMC concentration are successfully explained by the present separation model, which accounts
for the reactions of AMC intermediates and reactive primary cations of carrier gas molecules.
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(4) The proposed ionization separation technique was applied to the separation of CO.. CO:
molecules in a helium was separated mostly in the form of anion by the ionization separator.
The CO- concentration relative to the outlet concentration without applied voltage increased
with decreasing the inlet concentration, as found in the separation of toluene. Maximum relative
concentration of CO- was 1.14 in helium carrier gas containing 2.4 ppm CO, at an applied
voltage of 600V.
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