1046 © 1982 The Chemical Society of Japan

Studies on Characteristics of Electron Capture Responses. VI.»

Bull. Chem. Soc. Jpn., 55, 1046—1049 (1982)

[Vol. 55, No. 4

A Considera-

tion on the Response Mechanism of the Electron Capture Detector

Masahiro TAKEUCHI
Tokyo Metropolitan Research Laboratory of Public Health, Hyakunincho, Shinjuku-ku, Tokyo 160
(Received August 10, 1981)

In order to improve the understanding of the electron capture detector (ECD), a study on the response mecha-

nism has been carried out by using the pulse sampling technique.
absence of electron capturing molecules were measured under various pulse conditions.

The ECD currents in the presence and the
The responses of the ECD

probably arise from the current drop based on the slower electron drift velocity in the presence of electron capturing

molecules than that in the absence of them.

The electron capture detector (ECD) has been widely
used as the most suitable gas chromatographic detector
for trace amounts of halogen-containing compounds on
account of its high sensitivity and selectivity. Therefore,
the ECD is necessary in laboratories concerned with the
analysis of environmental contaminations such as
organochloro pesticides and polychlorinated biphenyls.
However, the response mechanism of the ECD has not
completely establised yet, thatis, the details of the events
which occur within the ECD are not known so well.
Several views have been proposed about the ECD.

Wentworth ¢t al.? have described the behavior of
electrons within a pulse-sampled ECD on the basis of
the following assumptions:® (1) The current measured
is due to electrons which are drawn to the positive
electrode during the application of pulses. (2) The
relatively immobile ions contribute little to the current.
(3) The ECD cell is cleared of electrons during each
pulse. (4) Positive ions will be in very large excess of
electrons because the electrons diffuse quickly to cell
boundaries. (5) The charge associated with negative
ions formed by electron capture is quickly lost because
of the much faster recombination between positive ions
and negative ions than that between positive ions and
electrons.

Siegel and McKeown,? however, criticised assump-
tions (3), (4), and (5), and insisted that both electrons
and positive ions become characterized by a single
(ambipolar) diffusion coefficient. According to this view,
the current measured from the ECD should be con-
sidered to reflect the motion of electrons and positive
ions within one Debye length from the positive electrode
surface. Though undeniable for the present, this view
has not been commonly accepted.

Grimsrud et al.® have proposed based on the positive
space-charge field created by positive ions, and recalled
the Wentworth assumption (3). Their modification
has the merit that it does not depart so drastically from
the Wentworth view, which has become the conven-
tional one because of being strongly supported in many
experiments.25-7)

Under the circumstances described above, the author
has measured the ECD currents under various pulse
conditions in order to understand the behavior of
electrons within the ECD and to reveal its response
mechanism.

Experimental

A Shimadzu gas chromatograph Model 5A equipped with a
Shimadzu ECD Model EDC-5 was used. The ECD has co-
axial geometry and contains a 10 mCi %Ni or a 300 mCi 3H
radioactive source. The radius of the electrode is 2.0 mm,
and the distance from the center of the electrode to the surface
of the radioactive source is 5.0 mm. The carrier gas used
(Nihon Sanso, A grade pure gas) was nitrogen of a purity over
99.9995%,. Before being introduced into the gas chromato-
graph, the gas was passed through a Molecular Sieve 13 X
column and an oxygen scrubber (Alltech, Oxy-Trap). For
the gas chromatographic column, a 1 mXx3 mm id. glass
column packed with 29, Silicone OV-17 on Chromosorb W
(AW-DMCS), 60—80 mesh was used at temperatures up to
200 °C. The other conditions were set up as follows: flow-
rate, 60 ml/min; ECD temperature, 220 °C.

Results and Discussion

Effect of Pulse Conditions on ECD Current. As
shown in Fig. 1, the ECD current measured increased
with increasing the pulse width (tw), and finally attained
a plateau for each different pulse period (¢s).

According to Wentworth et al.) the current is due to
electrons which are drawn to the positive electrode
during the application of pulses. The appearance of the
plateau indicates that the number of electrons collected
by the positive electrode increases with increasing ty,
and all electrons formed between pulses are collected
when ty becomes sufficiently large. This is because
slower electrons can drift to the positive electrode with
increasing tw, without recombination with positive ions.

Electron Drift Velocity. The value of t?, which is
denoted by an arrow in Fig. 2 and represents the time
required for half the electrons drifting to the positive
electrode, is the mean time of the electrons drifting to
the electrode. Hence, the reciprocal of t}? is propor-
tional to the electron drift velocity, w:

woc (8?7, )
As shown in Fig. 2, the value of (t§?)~! decreases with
decreasing the pulse amplitude (V,), and finally ap-
proaches zero at approximately 2 V in any t,. These
results suggest that the positive ion cloud created within
the cell reduces the applied field by about 2V, i.e.,
about 2V of the electrical potential is induced by
positive ions.

According to Grimsrud ¢t al., the electrical potential,
V, expresset in the form of Eq. 2 is induced by positive
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Fig. 1. Effect of¢, on ECD current in various ¢ .
t,/us: a; 10, b; 100, c; 200, d; 400, e; 600, f; 800,
g; 1000, h; 2000, i; 3000, j; 4000. ECD: (1); %Ni,
(2); *H.
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Fig. 2. Effect of V, on the value of (4%)~1in various f,. tial. Consequently, the value of (¢§?)~! should become

t/us: [J; 10, W; 100, (®; 200, A; 400, ¥/; 1000,
@; 2000, O; 4000. ECD; ®Ni.

ions at any point within the cell, if one assumes that
the positive ions are uniformly distributed throughout
the cell:
Po [11s o 10(r/6)
4e, {(b —a) In(b/a)
Here p, is the density of the positive ions, ¢, is the
permittivity of free space, a is the radious of the electrode,
b is the distance from the center of the electrode to the
surface of radioactive source, and r is the distance from
the center of the electrode to any point within the cell.
The potential calculated from Eq. 2 for the 8Ni ECD
used in the present study becomes a maximum value of
approximately 10V at r=2.73 mm. If this value is
reasonable, the electrons within the cell will distribute
most densely near the middle of the radioactive source
and the positive electrode under the field-free, i.e.,
pulse-free conditions, and then they will drift to the
positive electrode against the electrical potential under
pulse-sampled conditions. Therefore, the field strength
will become lower than that applied to the positive
electrode by the maximum value of the induced poten-

V=

+(b2—r2)}. @)

zero at approximately 10 V. In practice, however, the
value becomes zero at approximately 2 V in any ip
as shown in Fig. 3. This discordance of the theoretical
and the observed values suggests the deficiency of
Grimsrud’s view: The center of the ionization was
hitherto considered 1—2 mm for *H and 6—8 mm for
63Ni, judging from commonly used ECD dimensions.8:9
Recently, however, Aue et al.?) have reported that the
center of ionization is much closer to the radioactive
foil than commonly assumed, i.e., at approximately 0.2
mm for 3H and approximately | mm for #3Ni in nitrogen
at ambient conditions. These experimental facts tend
to contradict Grimsrud’s view, in which it is assumed
that positive ions are uniformly distributed throughout
the cell.

The electron drift velocity, w, in a gas under electric
field is expressed in the form of Eq. 3:10

0= ) E, (3)
m u P

where ¢ is the charge, m is the mass, 1 is the mean free
path, u is the agitation velocity, E is the field strength,
and p is the pressure of a gas.

In the ECD used as a gas chromatographic detector,
e, m, and p are constant. Hence,



1048

woclo-f:—. 4)
u

On the other hand, electrons which are at thermal
equilibrium state under the field-free conditions obtain
some kinetic energy proportional to the field strength:

; em-utcE. (3)

Equations 4 and 5 give Eq. 6:
wocA-EV/2, (6)

Figure 3 is the In-Iln plots of the curves shown in
Fig. 2, where the abscissa is converted into E=V,—2.0.
In any tp, the plot gives a straight line whose slope is
approximately 0.5. This result indicates that w is
proportional to E1/2,

o

w or electron density (arbitrary unit)

1000 2000 3000

tolus
Fig. 4. Variations of w and electron density with ¢,
Ao (%3Ni), A: o (*H), O: Ion density (®*Ni), @: Ion
density (*H). E:30V.

o

Figure 4 shows the variations of w and the electron
density with fp. The value of w decreases, and oppositely
the electron density increases with increasing tp for
constant E. These results suggest that w is inversely
proportional to the electron density. Since the interac-
tion between electrons and positive ions increases with
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increasing the electron density, the value of 4 should be
inversely proportional to the electron density, and
consequently w may be proportional to 1, as in Eq. 5.
Therefore, as discussed above, the curves of Fig. 2 are
expressed in the form of Eq. 6.

Response Mechanisms. Figure 5 shows the ECD
current versus £, curves in various fp at 30 °C(a), and
200 °C(b) of column temperatures. In any tp, the
values of t§? increases, i.e., the electron drift velocity
decreases, with increasing the column temperature.
According to Aue et al., the ECD can simply be
considered a non-linear impedance device, whose
impedance increases with the introduction of electron
capturing molecules. The higher the column tempera-
ture is, the more electron capturing molecules which
bleed from the column. Consequently, the impedance
of the ECD cell increases with the rise of column
temperature. The increase of the impedance rusults
in the decrease of the electron drift velocity. The curves
c, which are the plots for (a—b), correspond to the
current drop based on the increase of the impedance.
If the drop arises from the increase of the impedance,
the curves c should gradually approach zero with
increasing tw. The reason is that even slower electrons
can drift to the positive electrode with increasing ty,
and curve b consequently approaches to the correspond-
ing curve a. However, the curves do not practically
become zero, but constant in each tp. These results
lead to the probability that the current drop occurs
by some other factor rather than the increase of the cell
impedance. In the absence of electron capturing
molecules, electrons within the ECD attain a thermal
equilibrium state through numerous collisions with the
carrier gas molecules. In the presence of electron
capturing molecules, the thermally equilibrated elec-
trons collide with electron capturing molecules and
finally attach to them to form negative ions.!) Conse-
quently, the value of 4 should become smaller than that
in the absence of electron capturing molecules.
Considered from this view, the curves c correspond to
the current drop arising from the decrease of the
electron drift velocity, which results from the decrease
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Fig. 5. Effect of ¢, on ECD current at column tempertures of 30 °C (a) and 200 °C (b).
tjus: (1); 100, (2); 500, (3); 1000, (4); 2000. V,: 30 V. ECD: 63Ni. Curves ¢

are the plots of (a—b).
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The view described above can explain why the curve c
does not become zero, but constant, with increasing
tw. So long as the value of 4 is not zero, all electrons
within the cell can drift to the electrode by applying a
sufficiently large tw of pulses, i.e., the current drop
decreases and finally becomes zero with increasing ¢,,.
However, if the value of 4 is zero, the electrons can not
drift to the electrode even if sufficiently large tw of
pulses are applied, i.e., the current drop approaches a
constant value which is proportional to the number
of electrons attached to electron capturing molecules.
By applying the above discussion for the region where
the current drop remains constant, the proposed view
recalls the classical mechanism of electron capture
detection by Wentworth et al., i.e., attachment to
electron capturing molecules, followed by positive ion-
negative ion neutralization.
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Fig. 6. Effect of ¢, on the peak height of y-BHC.
t,/us: [J; 10, W; 100, VV; 500, w; 1000, @; 2000.
V,: 30 V. ECD: ®Ni.
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Figure 6 shows the variation of the peak height for
y-BHC with ty. The profile of the peak height, which
represents the sensitivity of the ECD, is in accord with
the curves c in Fig. 5. Such a profile is not specific for
y-BHC, but general for the other several samples
examined, e.g., «-BhC, B-BHC, 6-BHC, p,p’-DDE,
aldrin, dieldrin, 2,4,5-trichlorobiphenyl, and
2,2',4,4',6,6’-hexachlorobiphenyl.!® These results lead
to the conclusion that the response of the ECD arises
from the current drop due to the decrease of the electron
drift velocity resulting from the decrease of 4, and the
removal of the electrons whose values of 4 become zero
as the result of attachment to electron capturing
molecules.

The author wishes to express his thanks to Emeritus
Professor Shun Araki and Professor Shigetaka Suzuki,
Tokyo Metropolitan University, for their encouragement
and advice.

References

1) Part V: M. Takeuchi, Bull. Chem. Soc. Jpn., 53, 2466
(1981). .

2) W. E. Wentworth, E. Chen, and J. E. Lovelock, J.
Phys. Chem., 70, 445 (1966).

3) E. P. Grimsrud, S. H. Kim, and P. L. Gobby, Anal.
Chem., 51, 223 (1979).

4) M. W. Siegel and M. C. McKeown, J. Chromatogr.,
122, 397 (1976).

5) P. Devaux and G. Guiochon, J. Gas Chromatogr., 5, 341
(1968).

6) P. G. Simmonds, D. C. Fenimore, B. C. Pettiti, J. E.
Lovelock, and A. Zlatkis, Anal. Chem., 39, 1428 (1967).

7) J. E. Lovelock and A. J. Watson, J. Chromatogr., 158,
123 (1978).

8) E.D. Pellizzari, J. Chromatogr., 98, 323 (1974).

9) W. A. Aue and S. Kapila, J. Chromatogr., 188, 1 (1980).

10) I. Miura, K. Suga, and T. Matano, ‘‘Hoshasen-keisoku
Gaku,” Syokabo, Tokyo (1976), p. 44.

11) “Radioisotope,” 3rd ed, ed by Nippon Isotope Kyokai,
Maruzen, Tokyo (1975), p. 40.

12) M. Takeuchi, Nippon Kagaku Kaishi, 1976, 1565.






