
Journal of Chromatography, 134 (1977) X-37 
@ Elswier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

CHROM. 9681 

PULSE-MODULATED ELECTRON CAPTURE DETECTION WITH NITRO- 
GEN CARRIER GAS 

PAUL L. PA-ITERSON 

Varian Imtrument Division, 2700 Mitchell Drive, Waht Creek, Cdif. 94598 !U.S.A.) 

(Received September Mth, 1976) 

SUMMARY 

In comparison to dc. operation, pulse-modulated operation of an electron 
capture detector (ECD) is shown to provide large improvements in linear range and 
sensitivity. A unique displaced-coaxial-cylinder electron capture cell allows the bene- 
fits of pulsed operation to be achieved using nitrogen as the carrier gas. Sample detec- 
tivities at the O.l-pg level are exhibited, as well as linear ranges exceeding 10“. De- 

pendence of the range of linearity on flow-rate and retention time demonstrates that 
this ECD functions as a concentration-type detector. The inherent baseline stability 
of pulse-modulated operation also allows the use of column oven programming techni- 
ques in the analysis of samples at the lo-pg level. 

TNTRODUCTION 

In recent years, the traditional d-c. method of operating electron capture de- 
tectors (ECDs) has become more and more replaced by a type of electronic operation 
called the constant-current pulse-modulated method1-2. The primary advantage of 
pulse-modulated operation is that it provides a greatly increased range of linear and 
dynamic response. in addition, pulsed ECD operation generahy provides better de- 
tector baseline stabiiities compared to d.c. operation for reasons basically described 
by Lovelock3. 

Previous descriptions of pulse-modulated operation have largely emphasized 
the use of an argon-methane mixture as the gas chromatographic (GC) carrier gas 
rather than nitrogen. This results from the requirement for very narrow pulse widths, 
and the fact that electron drift velocities in argon-methane are much higher than in 
nitrogen. As a consequence, most conventional ECD cell geometries can be’made to 
function satisfactorily in a pulse-modulated mode if argon-methane is used, but per- 
formance with nitrogen is often greatly degraded2. Two obvious disadvantages of 
argon-methane are its added cost compared to nitrogen, and its incompatibility with 
other commonly used GC detectors. 

This paper describes the design of an ECD system developed specifically to 
operate in a constant current, pulse-modulated mode using nitrogen as the carrier 
gas. The operating characteristics of this new ECD are described for a variety of 
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experimental conditions. In addition, an attempt is made to further clarify the pulse- 
modulated method of operation by pointing out correlations between the pulsed and 
d-c. modes wherever possible. 

EXPERIMENTAL 

Data reported in this paper were obtained with a V&an Model 3700 gas chro- 
matograph equipped with a pulse-modulated ECD. The electron capture cell in this 
instrument is a ceramic-metal assembly capable of operating at temperatures exceed- 
ing 400 “C, The cell contains a 7.5 mCi 63Ni foil, and is poIarized with negative voltage 
pulses of 50-V amplitude and 0.64-pscc width. Some d.c_ mode data are aIso reported 
in this work. These data were obtained using a Keithley Model 240 power supply for 
a 50-V polarizing voltage, and using the electrometer in the Model 3700 instrument 
to measure negative currents. 

AI1 chromatographic data were obtained using Pyrex columns of dimensions 
I83 cm x 6 mm O.D. x 2 mm I.D. Column packing materials and operating condi- 
tions are indicated where they were used. Nanograde benzene obtained from 
Mallinckrodt (St. Louis, MO., U.S.A.) was used as a solvent, and pesticide samples 
were prepared by dilutions of standard solutions obtained from PolyScience wiles, 
Ill., U.S.A.). 

PULSE-MODULATED OPERATION 

The electronic method of achieving pulse-modulated operation differed slightly 
in ihis work from that described by Maggs et al. 2_ A block diagram of the pulse- 
modulated ECD circuit is illustrated in Fig. 1. Included are the basic components 
common to any method of ECD operation. Namely, there is an EC cell containing a 
radioactive foil, an ionized gas volume and an electron collector; there is a means of 
polarizing the cell using a negative voltage; and there is a means of measuring current 
emanating from the cell. The unique feature of pulse-modulated operation is that 

ECD CELL 
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ELECtRON 
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REFERENCE 

Fig. 1. Block diagram of the electronic components of a constast-current puise-modulated ECD. 
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these components are all coupled together to form a closed loop electronic feedback 
network. Hence, the cell current (-lceu) is combined with an external reference cur- 
rent (I,J such that the difference (Irer - icell) is the input to an electrometer; the 
electrometer output feeds into the pulse-generating network such that the pulse 
frequency is determined by the magnitude of the electrometer output; and the fre- 
quency of voltage pulses in turn determines the magnitude of ICC,,_ The system works 
by electronically varying the pulse frequency so as to maintain Ifcl, = Irer. Since pulse 
frequency is the variable quantity in this method of operation the output signal is a 
voltage proportional to that frequency. 

The average current IEel is proportional to the concentration [e] of free 
electrons in the cell, and the frequency f of the applied voltage pulses as follows:. 

Hence, when only carrier gas is in the cell, [e] is relatively large andfis low. This pulse 
frequency with pure carrier gas can be defined as the base frequencyf, of the system. 
Typically& is so low that the time between pulses is about 1000 times longer than the 
width of each pulse. Hence, for most of the time there is no polarization voltage 
across the cell. When an electronegative sample enters the EC cell, it converts some 
of the free electrons in the cell to negative ions. Hence, [e] decreases andf increases 
in order to keep Icell constant_ The passage of an electronegative sample through the 
electron capture cell produces an output signal with peak height proportional to the 
frequency difference cf, -fO) wheref, is the frequency corresponding to a sample 
concentration [A] within the EC cell. Maggs et al.’ have shown that (fA 1 fo) is pro- 
portional to [A], so that there is an inherently linear relationship between peak height 
signal and sample concentration. This linear relationship constitutes a major advan- 
tage of pulse-modulated operation in comparison with the previous d.c. method of 
operation. 

Electronically, the maximum possible pulse frequency coincides with the point 
where adjacent pubes begin to overlap. Hence, 

f m.lx. = (pulse width)-’ 

At fmax., the electron capture cell is in effect polarized by a continuous d-c. voltage 
equal in magnitude to the pulse amplitude. In order for the pulse-modulated ECD to 
respond to very large sample concentrations, it is necessary that the pulse width be 
very narrow so that fmax. can extend to large values. Typically, the pulse-modulated 
method employs pulse widths which are only a fraction of a microsecond wide. 

CELL DESIGN CONSIDERATIONS 

There are two basic considerations in designing an electron capture cell for 
optimum pulse-modulated operation_ First, there is the requirement that there be 
minimal electron current at the collector electrode during the time between pulses 
when the pulse voltage is off. If this is not the case, then there is a contribution to the 
cell current which does not vary with pulse frequency, and the result is a non-linear 
response. Sources of this “field-free” background current can be: (a) long-range p 
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particles from the radioactive foil, (b) electrons diffusing out of the ionized gas 
volume, (c) convection of electrons if the gas flow is such as to sweep ionized particles 
into the cohector. 

With many conventional electron capture cell geometries, the minimization of 
this “field-free” current necessitates a relatively large cell volume with large separation 
between the radioactive foil and collector electrode. 

The second basic consideration in cell design is the requirement for maximizing 
the collection of free electrons during the time the pulse vohage is on. Specifically, 
the free electrons must be able to travel the distance between the radioactive foil and 
collector electrode within the submicrosecond width of the vohage pulse. This is a 
principal area of difference between pulsed operation with nitrogen and argon- 
methane carrier gases. For the electric fields typically used in an ECD, the electron 
drift velocity in argon-methane is about ten times larger than in nitrogen4. Hence, in 
order to obtain satisfactory pulsed operation with nitrogen, the electron capture cell 
must have a relatively close spacing between the radioactive foil and the collector 
electrode. 

GAS iLOW 

DISPLACED COAXIAL 
CYUNDERS 

Fig. 2. Schematic illustration of a displaced-coaxialcylinder electron Qpture ted 

Fig. 2 shows a schematic illustration of the unique cell geometry used in this 
work. This ceil has a displaced-coaxiaI-cyhnder geometry (sometimes referred to as 
an asymmetric geometry in previous reports)3. The iarger cylinder contains the radio- 
active foi1, and a second cylinder of smaller diameter serves as the electron collector. 
Gas flow from the GC passes through the collector cylinder first, then up through the 
foil cylinder_ By locating the collector cylinder entirely upstream of the ionized gas 
vohme, exposure to long-range e particles is minima& and gas flow minimizes dif- 
fusion and convection of electrons into the collector. However, the free electrons are 
mobiie enough that modest puise voltages (e-g_, 50 V) are adequate to cause the elec- 
trons to move against the gas flow and to be cohected during the time the pulse is 
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on. This geometry has allowed the construction of an electron capture cell of very 
low volume (3004) for increased detectivity of samples. Also, a relatively small 
separation between the collector electrode and the ionized gas volume is achieved, so 
that efficient electron collection is realized even with nitrogen carrier gas. 

RJZSULTS AND DISCUSSION 

Correlations between pulsed and d-c. operation 
Fig. 3 illustrates a basic set of operating curves describing pulsed and d.c. 

operation of an ECD. These operating curves consist of plots of cell current versus 
pulse frequency_ There exists one curve for pure carrier gas and one curve each for 
carrier plus sample in increasing amounts. The family of curves shown in Fig. 3 cor- 
respond to a displaced-coaxial-cylinder cell geometry, operating with nitrogen carrier 
gas, using a pulse width of 0.6 ,usec, and a pulse amplitude of 50 V. The relative posi- 
tions of the curves change if a different cell geometry, carrier gas, or pulse parameters 
are used. : 

loo. I I II I I II I I II I 1 II I I 

d.c. 
6PERATlON 

I 
FREtL = 
(PULSE WIDTH)-’ - I 

1 

0.1, I I II I I II I I II I 1 II I I I 

0.1 1.0 10. 100. 1000. 

FREQUENCY (kHz) 

Fig. 3. Basic current verscrs frequency operating curvy illustrating operation in a consta~t-current 
pulse-modulated mode and in a d-c. mode. 

Th<d.c. operation is represented in Fig. 3 by current changes along a vertical 
line at the point where f = (pulse width) -I_ In the d.c. mode, the cell exhibits its 
characteristic standing current with pure nitrogen present, and additions of sample 
cause decreases in the cell current. Operation in the constant-current pulse-modulated 
mode is represented in Fig. 3 by frequency changes along a horizontal current level 
corresponding to I,,. With pure nitrogen, the cell operates at its characteristic base 
frequency&, and additions of sample cause increases in the frequency. 
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Measurements of the b_ase frequency& are the pulsed analog of d.&. measure- 
ments of standing current. Just as a contaminated foil, a high column bleed, or an 
impure carrier gas cause a decrease in standing current in the d-c; mode, they also 
cause an increase in base frequency in the pulsed mode. Hence, the magnitude of& 
can be used to monitor the cleanliness of the ECD system. From variations in nitrogen 
flow-rate and detector temperature, fO was also found to vary as the inverse of gas 
density in the electron capture cell. 

1 I I I I I 

UNDANE WEIGHT (ps) 

Fig. 4. Comparison of pulse-modulated and d-c. sampIe responses for the same ECD. 

Fig. 4 shows a comparison of sample response for the same ECD cell operated 
in both the pulse-modulated mode and in a d-c. mode. Since the d-c. output signal is 
a current, and the pulse-modulated output signal is a frequency, the signal-to-noise 
ratio is used to compare the two modes of operation. Not only does the pulsed mode 
provide greater linear and dynamic response, but it also provides greater sensitivity. 
The latter property is probably the result of higher [e] in the pulsed mode. 

Defectivity and hear range 

Fig_ 5 provides an illustration of ECD detectivity at the O-l-pg level that was 
achieved in this work. Shown is the ECD response to a GC injection of pure benzene 
solvent followed by an injection of trace pesticides in benzene. To achieve this kind 
of.detectivity, it is essential that the entire GC system be functioning weII. In addition 
to a well-conditioned low-bleed column, it was necessary to employ high-temperature 
dew-bleed septa of the type commonly recommended for GC-mass spectrometry in 
order to obtain solvent injections free of spurious peaks. 
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MINUTES 

Fig. 5. Chromatograms showing injections of pure benzene solvent and benzene containing trace 
amounts of pesticides. Conditions: column packing, 3% OV-1 on Gas-Chrom Q, SO-100 mesh; 
flow-rate, 36 ml/min nitrogen; column temperature, 180°C; injector temperature, 210°C; detector 
temperature, 270°C; I,,,,, 3 x 10-‘” A. 

Fig. 6 shows the linear and dynamic range using nitrogen as the carrier gas and 
lindane as the test substance. Both peak height and peak area sensitivity are plotted 
versus lindane weight. Defining the minimum detectabIe signal as twice the noise, the 
peak height response is linear within a &5 % band for a range of 1.3 x lo* in lindane 
weight. The dynamic range for peak height response extends to the point where the 
peak height sensitivity extrapolates to zero and covers a range of 7 x 105 in lindane 
weight. When the same data are plotted in terms of peak area rather than peak height, 
the upper limits of both linear and dynamic ranges are extended to higher lindane 
weights by about a factor of two. This is because the sample residence time within 
the ECD is small compared to the sample peak width coming off the GC column. 
Hence, the ECD senses only a small portion of the total GC peak at any given time. 
In this situation, non-linear sample concentrations are reached first in the peak centers, 
while the wings of the peak still give linear response. 

Fig. 7 ilhtstrates the effect on linear range caused by varying detector Sow-rate. 
The top plot shows the peak height sensitivity for a flow-rate of 30 ml/min through 
the column. The bottom plot is the peak height sensitivity for the same column fiow- 
rate plus an additional 70 ml/mm make-up gas at the detector. At the higher detector 
flow-rate, the entire linear range is shifted toward higher sample weights. This is 
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Fig. 6. Illustration of ranges of linear and dynamic response for lindane. Both peak height and peak 
area sensitivities are plotted for comparison. Conditions: column, same as Fig. 5; flow-rate, 37 ml/ 
min nitrogen; column temperature, 190°C; injector temperature, 210°C; detector temperature, 
3OOT; Its,,, 3 x lo-“’ A. 
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Fig. 7, Dependence of range of linearity on detector ffow-rate. Both curves represent a flow-rate of 
30 d/min nitrogen through the column. The bottom curve has additional 70 ml/min niitiogen make- 
up gas added at the detector. MDQ = Minimum detectable quantity. 
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exactly the behavior expected for a detector that is a concentration-type detector. 
The concentration that is important is again the sample concentration within the de- 
tector volume at any given time. A similar effect of shifting the range of linearity can 
be accomplished by varying the retention time of the sample_ Hence, the longer the 
retention time, the more the linear range is shifted toward higher sample weights. As 
a result, judicious selections of 5ow-rate and/or retention time can be used td shift 
the entire linear range by about an order magnitude toward either higher or lower 
sample weights, thereby tailoring the response of the ECD to suit a particuIar analysis_ 
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Fig. 8. Plot of the linear ranges of response of aldrin, DDE, endrin and mirex. Diagonal lines labeled 
“2 x noise” and “upper linear limit” represent lines of constant frequency_ Conditions: column pack- 
ing, 3 % QF-1 + 1 oA DC-200 on Gas-Chrom Q, 100-120 mesh: flow-rate, 36 ml/min nitrogen; 
column temperature, 190°C; injector temperature, 220°C; detector temperature, 300°C; Iccll, 1.5 x 
1O-‘o A. Retention times: aldrin, 2.5 min; DDE, 4.9 min; endrin, 7.1 min; mirex, 12 min. 

Fig. 8 shows a plot of the linear ranges of the four pesticides aldrin, DDE, 
endrin and mirex, using a relatively high bleed column. These data are bounded at 
small weights by a diagonal line corresponding to a constant frequency equal to twice 
the noise. The data also define a similar diagonal line of dmost constant frequency 
corresponding to the upper linear limit of the ECD. It is interesting that each‘of these 
different sample compounds begin giving a non-linear response when the sample peak 
height reaches about the same frequency. Combining that frequency (3 x 105 Hz) 
with the magnitude of the cell current (1.5 x lo- lo A), the number of free electrons 
collected per pulse can be calculated as follows: 

6.2 x loi*-I&!‘= 3100 electrons per pulse 

With pure nitrogen in the cell, the number of electrons per pulse was 6 x 105. Hence, 
it appears to be a basic characteristic of this ECD, that dynamic response to samples 
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Fig. 9. Pesticide analysis at two different detector temperatures. Sample amounts are 221 pg for Iin- 
dane and 123 pg each for heptachlor, a&-in and dieldrin. Conditions: column packing, 3 % OV-101 
on Varaport 30, MO-120 mesh; flow-rate, 50 mi/min nitrogen; column temperature, 17OT; injector 
temperature, 200°C; fccir, 3 x lo-I0 A. 

tends to be lost whenever the electron density is reduced to less than 0.5% of its 
original magnitude. 

Response versus detector temperature 
It is well known that electron capturing compounds can have widely varying 

responses as a function of detector temperatures*6. A major advantage of using a 63Ni 
source in. the ECD. instead of a 3H source is that detector operating temperatures can 
range to much higher values. As a result, adjustments of detector temperature can be 
employed as a further means of enhancing certain sample- responses. -Fig. 9 provides 
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Fig. 10. Temperature dependence of electron attachment to dieldrin. Data of the present experiment 
(0) are normalized to agree with previous data (0) of Maggs et dz at l/T = 1.8 x 10s3 ‘K-l. 

Column T - 
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Fig_ 11. Analysis of pesticides in benzene solvent using column oven programming. Conditions: 
de&or temperature, 300°C; column temperature, pro gramrned 175°C~220°C at 4”C/min with 
1 min final hoid at zZOc%; other _conditions same as Fig 5. 
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an illustration of two chromatograms obtained at two different foil temperatures. It 
is clear. that at 380 “C the lindane and a&in peaks have been enhanced, while the 
heptachlor and dieldrin peaks are suppressed. Previous data on the temperature 
.dependence of dieldrin response have been reported by Maggs et aL2. Their data are 
combined with the results of the present work in the plot of log (peak area x T312) 
versus l/T that is shown in Fig. 10. As pointed out by vaggs ef aLL, the negative slope 
of the data at temperatures below 300 “C (I/T= 1.75 x IOm3 “K-‘) is indicative of 
a dissociative electron attachment mechanism. The reversal of slope at temperatures 
above 300 “C indicates a change in the electron attachment mechanism or possibly 
the onset of thermal decomposition of the neutral compound. 

Column oven programming 
Pulse-moduiated operation of an ECD provides an inherently more stable 

baseline than d-c. operation_ As a consequence, it is possible to use column oven 
programming techniques to improve peak shapes and reduce analysis times’. Fig. 11 
provides an illustration that column oven programming with pesticide samples at the 
IO-pg level is clearly feasible. Since the GC used in this work was equipped with flow 
controllers, the small increase in baseline with increasing column temperature is es- 
sentially due to increased column bleed. At the end of the column oven program, the 
baseline upset exhibited in Fig. 11 is mostly due to transient flow changes caused by 
rapid coohng of the column and subsequent re-equilibration to the original column 
oven temperature. * 
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Fig. 12. Ill&ration of the conversion of&-DDT isomer to o,p’-DDT isomer in interaction with 
GC cohmn. Injected sampIe contained only p,p’-DDT. Conditions: column packing, 10% OV-l on 
Chromosorb W, 60-80 mesh; ffow-rate, 60 mI/min nitrogen; column temperature, 205“C; injector 
temperature, 220°C; detector temperature, 300°C. 
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Diagnosing other GC effects 
The high sensitivity and large range of dynamic response offered by pulse- 

modulated ECD operation allow this detector to be used as a diagnostic tool to ex- 
amine effects occurring in other parts of the GC system. A good example of this is 
the interaction of p,p’-DDT with the GC column. Peak height responses of this DDT 
isomer were found to often exhibit a non-linear response as a function of sample weight. 
A similar observation was mentioned previously by Fenimore and Davis*. In the pres- 
ent work, the degree of non-linearity was observed to depend on the column that was 
used. Chromatograms from the worst column (10 % OV-1 on Chromosorb W, 60-80 
mesh) are exhibited in Fig. 12. These data demonstrate the conversion of the p,p’- 
DDT isomer to the o,p’-DDT isomer while in transit through the column. The fact 
that the interaction is occurring on the column is evidenced by sample that arrives 
at the detector at times intermediate between the o,p’- and p,p’-DDT retention times, 
and also by the fact that the same samples injected onto other columns showed much 
less sample at the o,p’-DDT retention time. This DDT column interaction is apparently 
the result of a limited number of active sites on the column, since the relative mag- 
nitude of sample at the o,p’-DDT retention time diminishes as the total sample weight 
increases. The situation illustrated in Fig. 12 represents an especialIy severe interac- 
tion. With the column employed for the data shown in Fig. 11, it is clear that the ef- 
fect is much diminished, although not completely eliminated. No effort was made in 
the present work to systematically correIate the observed column interaction with the 
type of column, column preparation or column conditioning_ However, it is evident 
that the pulse-modulated ECD could be very usefully employed in studies of this 
type. 
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