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PAN MEASUREMENT TECHNIQUE,
PART 1

1 INTRODUCTION

PAN 1is a widely used acronym for peroxyacetyl nitrate. The
names peroxyacylnitrate or ethaneperoxoic nitric anhydride
(EPNA) (Martinez, 1980) are also used. PAN is the first member
of a homologous series of organic nitrogen compounds that are
formed in the atmosphere by photochemical reactions (Eliassen,
Hov, Isaksen, Saltbones and Stordal, 1982). (Stephens, 1969).
PAN was first found 1in Los Angeles smog in 1956 (Stephens,
Hanst, Doerr and Scott, 1956). In the early 1960s PAN was iden-
tified as an important constituent of smog-type photochemical
air pollution. It is phytotoxic and an eye irritant (Darley,
Kettner, Stephens, 1963). No stratospheric source of PAN has
been known (Nieboer and Ham, 1975), PAN is therefore accepted
as a better indicator of man-induced photochemical pollution
than ozone. However, in a later work by Singh and Hanst (Singh
and Hanst, 1981), a stratospheric source has been proposed.
Based on the distribution of ethane and propane in the unpollu-
ted atmosphere, Singh and Hanst predicted background PAN con-
centrations of 17 ppt in the lower troposphere, 90-360 ppt in
the upper troposphere and 85 ppt in the lower stratosphere.

PAN is thermally unstable, at 20°C it has a half life of
approximately 1 hour (Eliassen et al., 1982). At 0°C the half
life 1is approximately 20 hours. It is therefore natural that
PAN in Scandinavia is found both as a local pollutant and as a
component in long-range transported pollution (Schjoldager,
Dreiem, et al., 1983), (Schjoldger, Dreiem, et al., 1987),
(Hoem, Dreiem, et al., 1988), (Ferm, Samuelsson, Sjedin,
Grennfelt, 1984). In later years it has become increasingly
evident that PAN 1is being transported into the arctic region
and will be quite stable at the low temperatures there. PAN may
therefore be an important factor in the arctic budget of

organic nitrogen compounds (Penkett, Brice, 1986).



NILU has worked with measurement techniques for PAN since 1981.
Systematic measurements of PAN have been performed by the
Norwegian State Pollution Control authority (SFT) in Skien,
southern Norway, 1in co-operation with NILU during several
summer periods (Schjoldager, Dreiem, Wathne, Johannesen, Stige,
Tveita, 1984), (Schjoldager, Dreiem, Krognes, Johannesen,
Stige, Tveita, 1987).

2 MEASURING PRINCIPLE FOR PAN

2.1 THE BASIC PAN INSTRUMENT

PAN 1is in most cases measured by a gas chromatograph equipped
with a 6-port air sampling valve and a sample pump, a packed
column and an ECD (Electron Capture Detector). The column is
operated isothermally, in most cases between 30°C and 40°C. The
stationary phase in most cases is Carbowax 400 or similar. The
detector is operated at a temperature equal to the column tem-
perature or up to about 70°C. The voltage output signal from
the ECD controller may be registered on a strip chart recorder
or directly processed by an electronic integrator. Such an
instrument is essentially quite simple, but its operation and
servicing requires some experience. Long-term automated opera-
tion in a remote location poses very exacting demands to the

instrument construction.

To our knowledge, an adequate instrument is not commercially
available. Carlo Erba has produced a prototype PAN instrument
based on a commercial laboratory GC. NILU does not consider the
reliability of this instrument adequate for wunattended field
operation. An operator must be present to restart the instru-

ment after occasional hang-ups in the computer control system.
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Figure 2.1.1: Basic PAN gas chromatograph. The instrument
consists of a constant pressure carrier gas
supply, a gas sampling valve, a packed column
and an electron capture detector (ECD). The
column and detector are usually maintained at a
constant temperature between 30°C and 40°C.

The PAN instrument is dependent on a reliable calibration, as
several loss and sensitivity factors may vary over time and
between individual instruments. The methods for GC calibration
and calibration of the standard itself are complicated. None of
the "convenient methods" frequently described in the literature

will make up for years of bitter experience.



2.2 THE ECD (ELECTRON CAPTURE DETECTOR)

Here a short introduction to the ECD is given. A review of ECD
litterature with emphasis on the requirements for PAN
measurements, is given in a later chapter. The ECD is basically
a chamber containing a source of free electrons (a radioactive
foil emitting fB-). Carrier gas molecules are ionized by this
radiation. A positive potential (constant or pulsed) is applied
to an electrode within the chamber. The electrode will collect
free electrons, producing a so-called "standing current"
(baseline current). When an electron capturing compound enters
the chamber, some electrons will be captured before they can be
collected by the electrode. The current is thereby slightly
reduced. This current reduction 1is converted to a positive

voltage by a biasing network and an electrometer amplifier.

The ECD is usually operated at temperatures from 200°C to 300°C
(in some cases up to 450°C). Only at these elevated tempera-
tures will the metal surfaces of the electrodes be clean enough
for reliable operation of the detector. At lower operating tem-
peratures contaminants will accumulate on the electrodes. This
will cause so-called contact potentials at the electrode sur-
faces. The contact potential polarity may be the same as that
of the applied field, or it may oppose it. When high concentra-
tions of reactive gases enter the detector, the contact poten-
tial will be affected, causing baseline level shifts. The base-
line will be unstable and the detector properties may slowly

drift for several days or weeks afterwards.
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Figure 2.2.1: The simple ECD employed in several instruments
used at NILU (Analytical Instruments Ltd. model
37210). The foil contains 63Ni with an activity
of 10 mCi. The geometry is cylindrical.



2.3 PAN DECOMPOSITION

In a PAN instrument the above mentioned problems can not
entirely be avoided. PAN is thermally unstable. It decomposes
quickly when coming into contact with metallic surfaces and
when exposed to elevated temperatures. The main decomposition

reaction can be described as follows:

CH, -C(=0) -0-0-NO, ~ CH;-C(=0)-0-0 + NO,

The half 1life time of the PAN molecule is about 11 minutes at
30°C and about 3.6 minutes at 40°C (Eliassen et al., 1982). It
is obvious that analysis time and temperature should be kept
at the minimum level that will provide an adequate chromato-
graphic separation. Otherwise a large percentage of the PAN in

the sample will be lost before detection.

At 200°C the half life of PAN is expected to be about 3*10 %s.
This makes it impossible to operate the detector at a
temperature where contamination problems could easily have
been avoided. Most workers in the field report operating their
ECDs at temperatures from 30°C to 60°C. The ECD instability in
this temperature range is one of the two main obstacles in the
construction of a stable, reliable PAN instrument. The other
main problem is loss of PAN to active surfaces 1in sample

intake, valves and tubing.
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Piloure 2.3.1:

The rate constat k of the thermal PAN decomposi-
tion (Eliassen et al., 1982). The PAN 1loss with
time may be computed from the formula:

C =@y = @xp(-kt)

Here C is the concentration of PAN at time t (in
seconds), and C; 1is the concentration at time 0.
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X loss

Figure 2.3«2:

The theoretical thermal loss of PAN at different
temperatures. When PAN is in the proximity of
solid surfaces, the reaction products from PAN
decomposition will take part in other reactions,
and not be available for PAN re-formation. PAN
will therefore be irreversibly 1lost after de-
composition in GC sample intake or columns.
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3 PAN INSTRUMENTS USED AT NILU

Several PAN instruments have been available to NILU. The

following is a short description of each instrument.

3.1 THE HARWELL INSTRUMENT

This instrument was designed and built by Penkett and Brice at
Harwell in 1980. It has later been extensively modified by
NILU. As sample valve a Valco EC6P is now used. The instrument
is equipped with two identical glass columns of 1 m length *
2 mm i.d. connected to a back-flush valve (Valco EC8P). The
stationary phase is Chromosorb W-HP 80-100 mesh, coated with 5%
Carbowax 400. The oven temperature is 35°C isothermal. The
carrier gas is nitrogen at a flow rate of 47 ml/min. The
carrier gas 1is purified 1in two Carlo Erba filter cartridges
containing activated charcoal and molecular sieve 10 & pre-
treated at 300°C for 2 hours. The sample loop is made from 1/8"
i.d. teflon tubing. A length of 2 m gives a volume of 4 ml. The
sample pump is operated only 20 seconds before the sample in-

jection.

The ECD (Analytical Instruments Ltd. model 37210) is a simple
pin-cup construction operated at the column oven temperature.
As ECD controller the original Harwell constant frequency
oscillator and electromemter are still used. The pulse width is
2 ys at a frequency of 4 kHz and 30 V amplitude. The standing
current is typically 2.5 nA, depending on the contamination

level.

The instrument is operated automatically by a SAIA PCAO con-
troller. Samples are taken every 15 minutes. Peak integration

is performed by a Hewlett Packard 3390 Integrator.

This instrument has been used for most of NILUs routine PAN
measurements. (The twin column backflush modification was

installed in 1987.) The sensitivity is high, but can not be



12

exploited to its full potential due to baseline distortions

when the instrument is contaminated.

3.2 THE NILU INSTRUMENT

This instrument was constructed by Mr. D. Brenna at NILU in
1983. It employes a Rheodyne PTFE 6-port sampling valve, an
80 cm by 4 m i.d. glass column packed with Chromosorb W
80-100 mesh coated with 5% Carbowax 400. The detector is iden-
tical to the one used in the Harwell instrument. The detector
is operated in the constant frequency mode with 30 V pulse amp-
litude. The carrier gas is nitrogen at a flow of approximately
50 ml/min, filtered as described for the Harwell instrument

above.

The instrument is automated by a built-in microcomputer. This
computer initiates sampling at preprogrammed times, and it
controls the sampling pump, the sampling valve and the oven
temperature. the same computer also performs peak integration
and calculates peak areas. A special feature is an automatic
re-setting of the standing current (bias voltage) before each
sample injection. By this technique a constant baseline level

is achieved.

The sensitivity of this instrument was not as good as expected,
and its long-term stability was not satisfactory. The
instrument, however, provided valuable experience for further

modifications of the PAN measurement technique.

3.3 THE NILU LAB INSTRUMENT

This 1is a laboratory set-up originally designed to test out
various operation parameters. The instrument is operated
manually. The sample valve 1is a Valco C6P. The separation
column and the ECD are identical to those used in the Harwell

instrument. Backflushing is not utilized.
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The carrier gas 1is nitrogen purified by activated charcoal and
molecular sieve at a flow rate of 30 ml/min. Column and
detector are kept at 30°C.

The sample loop is made from 1/8" i.d. teflon tubing. A length
of 1 m gives a volume of 2 ml. The sample pump 1is operated

manually 15 seconds before injection.

A Carlo Erba Model 251 ECD controller running in the constant
current mode is used. Pulse settings are 1 ps pulse width and
30 V amplitude. The reference current is usually set to 0.8-
1.1 nA. The attenuation is set to 32, and the signal is
recorded on a strip chart recorder at 10 mV full scale

deflection.
This instrument has been used to test different components and

techniques in the laboratory. It has not been used for routine

measurements.

3.4 THE CARLO ERBA PAN ANALYZER

This instrument consists of a modified VEGA GC 6000, a ICU 600
controller and an ECD 400 ECD controller. A 6 port stainless
steel air actuated gas sampling valve and a sampling pump has
been built into the GC. The sampling loop was made from stain-
less steel, and the volume was approximately 4 ml. The carrier
gas was nitrogen purified in Carlo Erba stainless steel cart-
ridges containing activated charcoal and molecular sieve 10 A&
(the cartridges were external to the instrument). Carrier gas
inlet pressure was set at 80 kPa and make-up at 50 kPa. The
resulting flows were approximately 100 ml/min of carrier gas

and 14 ml/min of make-up gas.

The ECD controller unit was operated at the original Carlo Erba
settings: Constant current mode, pulse amplitude 25 V, pulse
width 1 ps, reference current 1.5 nA, and detector temperature

40°C (originally 60°C). Output attenuation was set to 32, and
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the 10 mV output was connected to a strip chart recorder at
10 mV full scale deflection. During approximately 3 months of
testing the reference current had to be gradually reduced to
approximately 0.7 nA due to contamination build-up in the

detector.

The instrument could not operate unattended over extended
periods. After a power failure the instrument must be restarted
manually by pressing the start button on the ICU 600 control-
ler. During the test period the ICU 600 several times spontane-
ously entered the FORCED COOLING mode. An operator must place
the instrument in STBY (stand-by) and wait 5 minutes before
pressing the START button.

The instrument had excellent separation, but the PAN retention
time of 8 minutes will cause some thermal PAN losses. The sen-
sitivity for n-propylnitrate (a stable compound otherwise quite
similar to PAN) was excellent. The PAN sensitivity was much
lower than could be accounted for by thermal losses. A contami-
nation problem was suspected, but NILU returned the instrument
without attempting to service it. Carlo Erba later informed
NILU that before transport to NILU the original column had been
broken and replaced with a column not previously tested for
PAN.

4 CONSIDERATIONS IN PAN INSTRUMENT CONSTRUCTION

In the following sections the different components of the PAN
instrument and their influence on the overall performance will

be described in detail.

4.1 CARRIER GAS

Since the PAN instrument ECD is operated in a temperature range
where it 1is very sensitive to contamination, a very pure

carrier gas should be used. Grade 4.0 (99.99% N,) is today the
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only reasonably priced alternative in Norway. The producer
specifies a "typical analysis" of contaminant concentrations:
Ar < 1000 ppm, 0, < 5 ppmn, H,0 < 5 ppm and hydrocarbons <
5 ppm. At a substantially higher price, a "better grade" Iis
offered. In most cases this gas comes from the same process and
from the same storage tanks, it 1is only accompanied by an
analysis certificate stating that this particular bottle is

within the limits of the typical analysis.

5 ppm of unspecified hydrocarbons is a very 1large amount of
unkown contaminants. Purification is therefore essential. It is
also important to notice that many of these hydrocarbons
condensate at elevated pressures. When the bottle pressure
decreases, different contaminants will again evaporate and
enter the carrier gas stream. Therefore only the larges bottles
(50 litres, initial pressure 200-220 bar) should be used, and

they should not be emptied below 50 bar before exchange.

4.2 CARRIER GAS BOTTLE

The shut-off valve on top of the bottle is lubricated, and it
contains a polymer seal. The grease is probably of a good
vacuum quality with a very low vapour pressure. But only a few
molecules of it will be sufficient to disturb the ECD. Further-
more, the previous use of the bottle is always unknown, as
bottles are circulated between users. A contaminated pressure
regulator may have saturated the shut-off valve with
contaminants. These contaminants may slowly be released into

the carrier gas and into the chromatograph.

Special nitrogen bottles with dry, unlubricated valves are
available. These are intended for medical purposes, and they
are not circulated between users. However, the valves at the
filling station are also 1lubricated, and the problems are
probably not removed. To conclude, the instrument should be
able to use a contaminated carrier gas, but the best quality

gas and bottles that are easily available, should be used.
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4.3 PRESSURE REGULATOR

A high quality two step regulator should be used. It is essen-
tial that it is a dry metal membran or metal bellows type made
from stainless steel or brass. The pressure regulator will
always become contaminated by o0il residues from the gas bottle,
but extra cleaning is normally not necessary, as the regulator
is positioned before the carrier gas filter. Low quality lubri-
cated pressure regulators must absolutely be avoided. No filter
is capable of adsorbing the large quantities of contaminants

they introduce into the systenm.

4.4 CARRIER GAS FILTER

The carrier gas should be purified by activated charcoal and
molecular sieve (pore size 5 & or 10 A). The filter medium
should be contained in a stainless steel cartrige with
stainless steel frits serving as dust filters. A cartrigde
volume of 100 ml is sufficient for one 50 1 nitrogen cylinder.
Charcoal and molecular sieve may be contained in the same

cartridge, or two cartridges may be used.

The molecular sieve must be activated (or regenerated) by
heating to 300°C for a few hours or overnight under a gentle
flow of nitrogen or helium (also this flow should be adequately
purified). The charcoal must be renewed after use. If both
agents are contained in the same cartridge, both charcoal and

nolecular sieve should be renewed when the filter is serviced.

O-ring seals are a notorius sourse of contaminants, and should
be avoided. The filter cartridges should therefore be made from
stainless steel tubing with stainless steel compression fit-

tings serving as end caps.

One quite elegant filter system is called Gas-Clean (Chrom=-
pack). A prepacked pre-conditioned acrylic filter cartridge is

mounted on a base plate. Valves automatically close the gas
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lines when the filter cartridge 1is removed. Cartridges may
therefore be exchanged with only small disturbances to the
system. But the filter holder contains no less than 10 O-ring
seals! These filters are very suitable for standard laboratory
GCs equipped with high-temperature ECDs, but can not be recom-
mended for PAN instruments. One of our PAN instruments was the
victim of a serious contamination incident involving this
filter system. A faulty O-ring opened a passage between a
cavity in the filter holder and the inlet nitrogen flow. Over a
period of approximately two years, the nitrogen deposited
brown, sticky oil residues in this cavity. Then a 1leak deve-
loped in another O-ring on the outlet side. The contents of the
cavity were injected directly into the GC, bypassing the filter
cartridge. Not much of this reached the detector before the
carrier gas supply was disconnected. But the detector needed
several cleanings and a re-polishing of the centre electrode
before it would again function at all. Its original performance
has not been completely re-established (the teflon seal in the

detector is not easily cleaned after such a disaster).

4.5 NEEDLE VALVES AND FLOW METERS

In ordinary laboratory gas chromatographs carrier and make-up
gas flows are controlled by flow controllers, pressure
regulators or needle valves. 1In some cases flow meters are
connected to the inlet lines. All these components may contain
O-ring seals, and therefore may be sources of contamination.
Furthermore, they introduce complex geometries into the clean
part of the flow system, and they are not easily cleanable

after a contamination has occurred.

The flow control should therefore be restricted to the follwing

elements:

- Constant 1inlet pressure 1is established by a high quality
pressure regulator positioned before the carrier gas filter.

A pressure meter may be connected to this regulator.
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- Flow 1is restricted by the column itself or by a stainless
steel restrictor (frit inserted into a union, or a short
piece of SS tubing hammered flat). A stainless steel frit may
be cleaned, a narrow tube section should be replaced if it
becomes clogged. No adjustable flow restriction should be

used.
- A flow meter or a flow controller may be placed after the

outlet of the detector. No flow meter should be inserted

anywhere else.

4.6 TUBING AND FITTINGS

Only SS (stainless steel) tubing should be used for carrier,
make-up and sample gases. PTFE (teflon) tubing is suitable for
sample transport to the chromatograph inlet and for the samp-
ling loop. PTFE is porous, and oxygen will diffuse into any
PTFE tubing. If 1 m of 1/8" PTFE tubing were included in the
carrier gas line, the oxygen diffusing into the carrier gas
would amount to 10-50 ppm. A similar oxygen contamination of
the carrier gas would result from one pore of approximately
20 p diameter in a metal tube wall. Furthermore, contaminants
will always be present in the pores and cavities of PTFE, even
if it is intrinsically clean and inert. The contaminants cannot
be removed by any convenient form of cleaning or conditioning.

They will continuously bleed into the carrier gas.

The oxygen contamination of the carrier gas is a more serious
problem than the possible decomposition of PAN due to contact
with metal surfaces. If the tubing is kept as short as possible
and a small diameter (1/16") is used, the flow velocity will be
high. Therefore, the time of contact between sample and metal
tubing 1is too short to cause significant decomposition. To
avoid adsorption at an active wall surface, only the best grade

(preferably internally polished) of HPLC tubing should be used.
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Only SS Swagelok or Valco compression fittings with SS ferrules
should be used to connect SS tubing. Other brands of similar
compression fittings will also serve, but brands should not be
mixed, as they have slightly different geometries, and diffu-

sion-tight connections are not always achieved.

Glass columns are connected to SS tubing with SS reducing
unions (often a so-called zero dead volume bored through va-
riety), using PTFE ferrules. This is one of the few places in
the PAN instrument where PFTE cannot easily be avoided. Vespel
ferrules are not as intrinsically clean or as inert as PTFE,
but may possibly be used after thorough testing. Graphite fer-

rules may more easily leak due to cracks.

4.7 SAMPLE INTAKE

In some cases a continuously flushed sammple intake is used.
This will keep all surfaces in the intake in equilibrium with
the sample air. In heavily polluted areas this method will,
however, quickly coat the intake with different contaminants.
Soot from car exhaust may create an excellent carbon filter in
the intake tubing, adsorbing and destroying all PAN before it
reaches the instrument. Airborne particles also may be deposi-
ted in the sampling valve, causing excessive wear, active sur-
faces, and leakages. Best results will be obtained with a short
length of PTFE tubing taking the sample air directly from the
outside or from a high volume (continuously vented) intake. The
PAN instrument sample pump should only be operated 20-30

seconds before switching the sample valve.

A dust filter at the sample intake may be called for in very
polluted environments. It is not recommendable in background
areas. Such a filter must be thoroughly tested and found free
of interferences and PAN adsorption. It would need to be fre-
quently renewed. It is essential that all calibration samples
are drawn through as much as possible of the intake system

(especially including a dust filter). For this purpose the
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intake construction should allow the intake tube and dust
filter as one unit to be disconnected from the high volume
intake or to be pulled in through the wall.

4.8 SAMPLE VAILVE

To prevent the sample from coming into contact with metal sur-
faces, PTFE valves were first tested. They were however not
found suitable. Virgin PTFE is mecanically too unstable to
ensure reliable operation for more than a few weeks. Further-
more, dust entering the valve very quickly destroys the sealing

surfaces, and leaks are unavoidable.

The teflon parts may be cleaned, but contaminants that have

been absorbed cannot be completely removed.

Reliable operation was achieved with Valco P-series rotary
valves. The rotor is made from carbon filled, compressed PTFE.
The housing is highly polished stainless steel. The compressed
teflon 1is wvirtually non-porous and very much more wear-
resistant than virgin PTFE. After a year of continuous
operation, traces of a black dust is seen in the column ends.
This appears to come from the carbon filled PTFE rotor, but it
does not seem to cause significant PAN losses. Valve leakages

have not been found during this period.

4.9 SAMPLE LOOP

The sample will stay a few seconds in the sample loop before it
is injected 1into the carrier gas stream. Therefore, to avoid
decomposition, steel has in most cases not been used for the
sample loop. Since the sample itself is air, oxygen diffusion
is not a problem, and a suitable length of 1/8" PTFE tubing may
be used. This is connected to short pieces of 1/16" SS tubing
using SS reducing unions and SS ferrules. The 1/16" tubing

connects directly to the Valco valve ports.
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During the 1last year we have started using stainless steel
sample loops without any significant increase 1in adsorbtion

problems.

4.10 COLUMN

Traditional packed columns still give consistently better
results in PAN analysis than wide-bore thick-film capillary
columns. To prevent stationary phase bleeding from cappillary
columns, a bonding technique is used. The resulting stationary
phase does not have a well defined melting point. Consequently
the lowest operating temperature is not well defined. At the
low operating temperatues and relatively high flow required for

PAN analysis, excessive peak broadening occurs.

Columns made from PTFE or SS should be avoided for the reasons
already mentioned above. Also glass-lined steel tubing is
unsuitable since it is difficult to verify the quality of the

very brittle glass lining.

Glass tubing remains the only material that can be recommended.
It is non-porous, and it can be made very inert by pretreatment
(silanizing). It is of course breakable, but the damage will be

immediately obvious.

The stationary phase should be moderately polar to separate PAN
from other compounds with similar boiling points. Short chain
carbowax (CW400) or polyethyleneglycol (PEG400) are suitable.
These compounds are liquids at room temperature, and have suf-
ficiently 1low bleeding (low vapour pressure). In addition,
these compounds do not contain electron capturing functional
groups. The stationary phase 1is coated onto a high quality
support material. A relatively thick 1layer of 1liquid phase
(usually 5% by weight relative to the support) is used to
improve the inertness of the column packing and to achieve the
required separation. Only a highly inert support such as acid

washed, silanized Chromosorb W-HP is suitable. In most cases
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the particle size 1is 80-100 mesh or 100-120 mesh. The column

must be properly packed according to good laboratory practise.

Occasionally a slow degradation of the coating may occur. This
is indicated by an acrid smell after some months of storage.

The packing material should in this case be discarded.

The column is plugged in both ends with silanized glass wool to
prevent the packing material from spilling into tubing and
valves. The glass wool has a very large surface area and there-
fore a large potential for adsorption of PAN or contamination
of the system. The wool must be silanized. Shortly before use
is must be conditioned at a high temperature. A suitable condi-
tioning 1is 300°C for 2-4 hours under a clean nitrogen flow, at

higher temperatures the silanizing will be destroyed.

The packed column must be conditioned before use. For at least
24 hours it should be kept at approximately 90°C under a gentle
flow of purified nitrogen or helum. The temperature must not

exceed 100°C, this could degrade or destroy the liquid phase.

Also the gas (helium or nitrogen) used for conditioning the
column must be filtered as described above. The filter
cartridge and tubing connections must be absolutely clean. The
molecular sieve should be regenerated at 300-400°C for several

hours immediately before column conditioning is started.

PAN is irreversibly adsorbed on a column which is not properly
prepared. The silanization, coating and packing procedures must
be carried out very carefully. If the conditioning procedures
are not successfully performed, the baseline level will not
stabilize. A sloping baseline will make it difficult for an
electronic integrator to determine the beginning or the end of

the PAN peak, thus reducing accuracy dramatically.
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4.11 DETECTOR

Since the detector will be operated below 100°C, many of the
sophisticated commercial designs that allow high temperature
operation are useless. A simple design is adequate and perhaps
preferrable. For 1low temperature operation, PTFE seals may be
utilized. They provide the best electrical insulation, and may
easily be renewed when the detector 1is <cleaned. 1In our
laboratory we have continued to use the same simple detector
type as was included in our first instrument. The benefit of
using a component with well known properties has so far been
more important than the possible refinements achievable with

other detector designs.

The exhaust from the detector should be released through a few
centimeters of narrow SS tubing. This prevents back diffusion

of air into the detector.

Normally the detector should be operated at a temperature 10 to
20 degrees above the column temperature to avoid contamination.
At the low operating temperature used in a PAN instrument, the
benefits of this precaution are small. In many cases both the
column and the detector are therefore temperature regulated in

the same oven. Only iso-thermal operation is required.

5 INSTRUMENT ASSEMBLY

The instrument should be assembled in such a manner that the
flow system is known to be both clean and 1leak tight without
any testing. It will 1in many cases be difficult to locate a
leakage without contaminating the system. If one part was
contaminated, the contamination will spread downstream, and
first be observed when the detector itself has been

contaminated. It is impossible to determine which part was
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originally contaminated, so the whole system must be
disassembled and cleaned. Therefore the carrier gas should
never be connected until one is confident that the system is
perfectly clean and 1leak tight. This approach 1is not as

difficult as it may appear, but it requires systematic work.

5.1 LEAKAGES

There is a fundamental difference between a large and a small
leak. In a large leak gas will flow, according to the laws of
fluid mechanics, from the high pressure side to the 1low
pressure side. This 1is the reason why a few centimetres of
tubing is sufficient to prevent oxygen from entering the
detector against the flow in the outlet. In a small leak there
will be a molecular flow. Every single molecule is moving
independently of all other molecules in the passage. The
direction of the flow for each gas component is determined by
the partial pressures on the inside and outside. Nitrogen will
flow out of the system, but oxygen will flow into the system.
The leakage will often depend on temperature, creating a

temperature dependent baseline instability.

When new stainless steel compression fittings of small sizes
(1/16" to 1/4") are correctly assembled and tightened (not
overtightened!), they should not leak. Instructions
accompanying every Swagelok fitting specify how much the nut
should be turned for correct tensioning. For Valco nuts proper
tensioning is not specified. Usually one half turn after finger
tight is enough. It is essential to develop a feeling for just
how much the fittings should be tightened. Every fitting should
systematically be equally tightened.

A new Valco P-type valve may leak. The accompanying
instructions describe how the valve should be cycled a few
times to seat the rotor properly. If a leak is suspected, the
rotor may be tensioned a bit more (1/4 turn of the nut) and

again cycled a few times. The procedure may be repeated two or
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three times. Normally the valve will now be leak tight. A leak
detecting agent such as Snoop (Nupro Company) or similar should
be used only as a last resort. Snoop has been used in our lab
without contamination problems. It may be harmless at normal
ECD operating temperatures, but at low operating temperatures

it is a potentially serious contamination.

Brass fittings are more easily overtightened than SS fittings,
and they also get more easily corroded. If possible, they
should not be used. If a fitting suddenly "softens" during
tightening, it should always be replaced. (It may not seem to

be broken, but cracks have already developed!).

When the precautions mentioned above have been observed, the
only spots that may possibly leak, are the PTFE ferrules in the
column fittings and (if applicable) the PTFE seal in the
detector. The column ends must be inspected carefully to reveal
faults or cracks. 1/4" PTFE Swagelok ferrules will usually be
leaktight when the nut is firmly finger tightened. Do not
tighten too much at once. The PTFE will slowly give way until
the connection is virtually free of stress. If a leak is
suspected, tighten all PTFE ferrules a bit more (a small
fraction of a turn). After a couple of repetitions the
connections will be leak tight unless there are faults in the
glass tube or foreign particles are stuck in the connection.
The same procedure will do for a PTFE sealed detector. The seal
will probably be more bulky than a set of ferrules, so a little

more than finger tensioning may be required.

5.2 CLEANING OF PARTS

It is always difficult to determine whether a part should be
cleaned or not. New, unused stainless steel tubing of pre-
treated HPLC grade is usually clean enough to not contaminate
the detector and dirty enough to not adsorb too much PAN. If it
is too clean, the tubing will have a very active surface. This

will be the case if the tubing has been heated to the point
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where the surface water coating was removed. If solvents are
used for cleaning, there is always a possibility that new

contaminants are added by the solvent.

All fittings have been exposed to lubricants during machining.
They should be cleaned in hexane + acetone + methanol in an
ultrasonic bath for about 15 minutes. The solvents should be
discarded and the procedure repeated three times. The fittings
should then be dried under vacuum at 90°C for at least 12
hours. We also clean teflon ferrules with the same procedure,

but use only methanol.

Valco valves may be disassembled and cleaned by the same proce-
dure. The teflon parts may be cleaned with only methanol and
ultrasonic sound. No metal object should be allowed to touch
the sealing surfaces of rotor or housing. The polished steel
surface 1is especially delicate. Damage occurs instantly at a
light touch of any metal object. Extreme care must be taken

during disassembling and reassembling.

If detector PTFE seals are cleaned, they should only be cleaned
in methanol, and not be heated above 50°C during vacuum drying.
At approximately 70°C any traces of acetone that might be
present in the pores of the PTFE, will undergo pyrylization and
destroy the electrical insulation properties of the PTFE. In
some countries users are prohibited by law to open and service
detectors containing a radioactive source. The low energy
p-electrons are however quite harmless as long as the source
foil 1is not touched by unprotected hands. Tweezers and strict

laboratory cleanliness should be adequate.

The column should be flushed through with hexane and dried
before packing. A glass wool stopper is inserted in one end of
the column. This end is then connected to a small suction pump.
The packing material is carefully poured into the column in
small portions, and the column is carefully vibrated so that

the packing material settles. A glass wool stopper is inserted
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in the last 8-9 mm after the packing appears stable. The column

should be conditioned as described above.
The carrier gas filter cartridge is included in the clean part

of the flow system. The cartridge and its fittings should be

cleaned by the same procedure as for other fittings.

5.3 CLEANING OF TOOLS

Any tools wused for column packing and tube cutting should be
cleaned using the same procedure as for the fittings. Where a
tube enters a fitting, the tube end and two millimeters of the
tube outside become internal surfaces in the flow system.
Grease from bare hands will contaminate both tools and parts.
Gloves should therefore be used during construction of the flow
system. The work table should be covered with clean paper

sheets.

6 SERVICING

As long as the instrument keeps running with a stable, suffici-
ently horizontal baseline, and with a constant sensitivity for
both PAN and n-propylnitrate, no servicing is required. Some
preventive maintenance is nevertheless adviceable. The carrier
gas filter should be emptied, cleaned, refilled and recondi-
tioned before contamination from the nitrogen cylinder breaks

through. A six month interval seems reasonable.

When the standing current becomes to low, or the baseline sta-
bility to poor, the whole flow system should be dismantled and
cleaned. The valve rotors and stators should be chequed for
wear and replaced if neseccary. Cleaning of the parts and re-
building of the instrument should be performed as described

above.
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7 A REVIEW OF THE ELECTRON CAPTURE DETECTOR

To understand the difficulties involved in performing accurate
PAN measurements, a good understanding of the ECD is required.
This review is deliberately focused on the qualitative aspects.
For more quantitative information and mathematical treatises,
please refer to the articles mentioned below. A good starting
point for a more thorough study would be Aue and Kapila (Aue
and Kapila, 1973), Pellizzari (Pellizzari, 1974), Zlatkis and
Fenimore (Zlatkis and Fenimore, 1975) and Gobby, Grimsrud and
Warden, 1980).

The ECD (Electron Capture Detector) was described by Lovelock
in the early 1960s (Lovelock and Lipsky, 1960) (Lovelock,
1961). The detector consists of a reaction chamber irradiated
by low energy free eletrons from a radioactive source. The
chromatograph carrier gas will be partially ionized by the bom-
bardment, significantly increasing the number of free electrons
in the chamber. When a voltage potential (constant or pulsed)
is applied between two electrodes, the free electrons will be
collected, and a small current (typically 0.5 to 5 nA) will
flow through the detector. The accellerating potential is
usually in the range 5 to 50 volts, the accellerated electrons
should not reach an energy that could cause secondary ioniza-

tion of the carrier gas.

When an electron capturing element or compound enters the de-
tector chamber, the amount of free electrons in the chamber
will Dbe slightly reduced. This reduces the detector current. A
high impedance biasing network and an electrometer amplifier

will convert this to a positive voltage signal.

7.1 DETECTOR GEOMETRY

The early versions of the ECD were of the parallel plate varie-

ty. The electrodes were often the end walls of a cylindrical
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chamber. The radioactive source was a foil positioned at one of
the end walls.

The most commonly used geometry is the pin-cup ECD. A center
electrode is positioned along the axis in a <c¢ylindrical cham-
ber, the cylindrical wall constituting the other electrode. The
radioactive source is a foil positioned along the <c¢ylindrical
wall.

Several workers report improved performance achieved by the
pin-cup geometry compared to the parallel plate geometry (Hart-
mann, Oaks, Dimick, 1967). Lovelock (Lovelock, 1968) explains
that the geometry itself is not too important, but the dimen-
sions are. All primary electrons from the pf-source should be
cooled down by the carrier gas. If these electrons are allowed
to bombard the electrode directly, the detector will operate as
a cross-section detector. In this case it will give positive
peaks with compounds that do not have any affinity for free
electrons, and it will be excessively sensivtive to pressure
and temperature changes. For this reason, a minimum distance
must be maintained between the B-source and the electrode, the

value of wich depends on carrier gas and source type.

Several other geometries have been proposed. Aue and Siu (Aue
and Siu, 1981) describe a two-chamber solution in which posi-
tive and negative ions are physically separated, thereby reduc-

ing the probability of recombination.

7.2 RADIOACTIVE SOURCE

The properties of several radiation sources have been described
by Shoemake, Fenimore and Zlatkis (Shoemake, Fenimore and
Zlatkis, 1965) and Hartmann, Oaks and Dimick (Hartmann, Oaks
and Dimick, 1967), among several others. The two most commonly
used isotopes in ECD are 63Ni and 3H (tritium). The most rele-

vant physical properties are given in Table 1 below.
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Hartmann, Oaks and Dimick report a somewhat higher sensitivity
and greater linear range for an ECD with a 3H source (when ope-
rated at 60-70 V constant voltage). Furthermore, the higher
energy of the 63Ni B- electrons calls for a larger detector
diameter (and thereby a larger volume). Both these observations
indicate that 3H should be preferrable. Tritium is a gas at
standard conditions, it is bound to a stainless steel foil as
titanium hydride (Ti3H,). It may be lost from the foil at
excessive temperatures. ©53Ni source may safely be operated up
to 400°C. At such elevated temperatures the detector becomnes
virtually immune to a large range of common contaminants. Ordi-
nary tritium foils are usually limited to about 200°C. Ayaly
and Wentworth (Ayaly and Wentworth, 1980) have reported detec-
tor performance with different sources, among these a scandium
tritide foil (Sc3H;) that may be operated up to 325°C. The
scandium tritide foil was also evaluated by Hartmann (Hartmann,
1973) .

Dwight et al., (Dwight, Lorch and Lovelock, 1976) have sugges-
ted the use of Iron 55 as and Auger electron emitter. They
report a significantly increased signal to noise ratio when

comparing this source to commonly used sources.

Source Energy Typ. activ. Optimum distance
MeV mCi to electrode

B3y 0,067 10-15 6-8 mm
(Lovelock, 1968: 10 mm)

3H 0,018 20-200 2,5 mm

55fe 0,0055 5 s

7.3 CARRIER GAS

The carrier gas plays an active role in the operation of the
ECD. Through repeated collisions it reduces the energy of the

source electrons until they are in thermal equilibrium with the
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gas. In elastic collisions between an electron an a monatomic
gas "molecule" no kinetic energy is transferred. In inelastic
collisions with more complex molecules the source electron will
loose kinetic energy. The gas molecule may be excited in a vib-
rational or rotational mode, it may have an electron shifted
into a higher energy orbital, or it may be ionized (loose an
electron). Each primary electron from a f-source will ionize in
the order of 100 to 1000 carrier gas molecules (Dwight, Lorch
and Lovelock, 1976), (Gobby, Grimsrud and Warden, 1980).

Both nitrogen and argon are commonly used. Argon is usually
mixed with 5% or 10% methane. Lovelock (Lovelock, 1963), (Love-
lock, 1968) maintains that argon with 10% methane will give the
most accurate results since it will cool down the primary elec-
trons most efficiently and still allows electrons to have a
high drift velocity. The methane quenching gas will through
inelastic collisions dissipate the excess electron energy that
is not expended by ionization of carrier gas molecules (Aue,
Kapila, 1973). The quenching gas will also return excited
carrier gas molecules to a normal state (Pellizzari, 1974).
These could otherwise have destructed the sample molecules
before electron capture could have taken place. Nitrogen, being
a molecular gas, 1is capable of cooling down the source elec-
trons to near thermal equilibrium without the addition of a

separate quenching gas.

7.4 OPERATION MODUS

The way 1in which the excitation potential is applied to the
detector causes large differences 1in performance. There are

several different methods:

7.4.1 Dirrect current

When a constant voltage (DC) is applied to the detector, the

free electrons in the detector chamber are continuously being
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collected by the positive electrode. This was the original ope-

ration modus for the ECD.

Aslo molecular ions move in the electric field between the
electrodes. They may contribute to the detector current, and
they may build up a space charge opposing the field. The pro-
blems arising from this, and from other modes of detection than
electron absorbtion, were described by Lovelock (Lovelock,
1963) .

7.4.2 Pulsed mode, constant frequency

In the same paper (Lovelock, 1963) also described the pulsed
mode operation of the ECD. The excitation potential is applied
in short pulses (duration in the order of 1 ps. Under these
conditions, heavy molecular ions will not be much affected
during the collection of free electrons. Space charge effects
are therefore virtually eliminated. For most of the time there
is no field applied, the free electrons will therefore be very
close to thermal equilibrium with the carrier gas molecules.
The concentration of free electrons will reach a maximum
approximately 100 ys after the pulse and remain at this level
until the next pulse. Since a free electron is not immediately
collected, it is allowed a much longer time to encounter an
electron absorbing molecule. The detection efficiency is
thereby increased. This mode of operation therefore offers
increased sensitivity and increased accuracy compared to the DC

mode.

The linear responce range in the constant frequency pulsed mode
is narrow. When an electron absorbing substance removes some of
the free electrons, the detection efficiency will decrease.
With pure carrier gas the detector supplies a standing current
I,. When a small concentration of an electron absorbing sub-
stance enters the detector, the reduced detector current may be
named I, and the instantaneous sample concentration, a, may be

expressed by the formula:
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Ly = 1L = gongt * & (1)

The detector 1is said to be saturated when I approaches zero.
Another equation, valid for a larger dynamic range, was derived
in 1966 (Wentworth, Chen and Lovelock, 1966):

lﬁ-—I=K*a (2}

Here K is the electron capture coefficient for the sample sub-
stance. In 1968 an analogue converter was constructed to
compute this function in real time (Fenimore, Zlatkis and Went-
worth, 1968). The transformed signal could be applied to a con-
ventional integrator or recorder. The group reported that equa-
tion (1) was valid only up to approximately 1% of saturation.
By defining the lowest detectable signal as two times the de-
tector noise level, the group calculated that the corresponding
dynamic range was 250:1. The transformed signal was linear up
to 90% of saturation. The corresponding 1linear dynamic range
was 2.25%10%:1.

After redesigning the linearizing analogue converter, Fenimore
and Davis presented additional results (Fenimore and Davis,
1970). Using a 30 mCi ®3Ni source, 30 ml/min argon /10% methane
carrier, 1 ps pulse widh, 20 V pulse height and a temperature
of 200°C, they achieved linearity up to above 90% of saturation
(with dissociative electron capture) at a pulse interval of
1000 ps. The linear range obtained is estimated to 1*10°:1. For
shorter pulse intervals and for nondissociative electron cap-
turing samples lower linear ranges were reported. (The terms
dissociative and non-dissociative electron capture are treated

in the section "Electron capture detection models" below).
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7.4.3 Pulsed mode, constant current

The constant current mode was introduced in 1971 (Maggs,
Joynes, Davies and Lovelock, 1971). The detector current is
held constant by controlling the frequency of the voltage
pulses. The linear relationship between frequency and sample
concentration in the detector chamber is derived from Wenth-
worths model of the electron capture detection process (Went-
worth, Chen and Lovelock, 1966). Using a 10mCi 83 Ni source,
argon /5% methane carrier gas, a frequency range of 500 Hz to
500 kHz, 1 uys pulses of 60 V amplitude and a temperature of
200°C, they achieved a linear operating range of 5%*10% and a
detection 1limit of approximately 4*10-!4 g/ml of dieldrin. The
very stringent condition that the pulse interval should be 1000

ys or larger, does not apply to this mode of operation.

7.5 OPERATING PARAMETERS

When the detector type and geometry, the radioactive source,
the carrier gas type and the detector operation modus are
chosen, a number of additional parameters must be adjusted to
optimize the method. These will be functions of the above men-
tioned choises, of the species to be measured, and of the
required trade-off between sensitivity, linearity and long-term
stability.

7.5.1 Detector temperature

The temperature should generally be slightly higher in the de-
tector than in the column, which should again be slightly
warmer than the carrier gas supply. This ensures that no com-

ponent will condensate within the system.

The detection process 1is 1in most cases strongly temperature
dependent. The type of electron attachment process that is

involved in detecting the species, determines this dependency.
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For a non-dissociative electron capturing species, sensitivity
is highest at 1low temperatures (also refer to the section
"Electron capture detection models below"). For a dissociative
electron capture process sensitivity increases with increasing
temperature. A high temperature may speed up decomposition of
the sample so that a significant amount is lost before detec-

tion.

To keep detector contamination at a minimum, a high temperature
is required. The electrodes will never be perfectly clean. A
truly clean metal surface when exposed to the atmosphere will
immediately be covered by a thin layer of water molecules. A
variety of other compounds will stick to this water layer or
directly to the metal surface. No form of cleaning can there-
fore produce a clean surface, it can only reduce the amount of
unknown compounds in the surface coating. Some contaminants
will adhere irreversibly to the surface (unless the detector is
heated beyond normal operating temperature or cleaned chemi-
cally). For some contaminants there will be an equilibrium
between the amount that sticks to the surface and the concen-
tration of the same contaminants in the gas phase. A recently
cleaned detector will therefore not nessecarily be stable. The
detector will be stable only if the contamination equilibrium

can be maintained at a constant level.

The detector current is not only a function of the applied exi-
tation voltage (and pulse width and pulse frequency). The com-

pounds that are present 1in the surface layers will create
surface potentials. Such potentials can add to or subtract from
the exitation potential. If the contamination level is con-
stant, the surface potentials may not cause any problems. If
the contamination level changes slowly with time, detector sen-
sitivity and baseline level will change accordingly. If there
are large quick changes in the surface potentials, baseline in-

stabilities will destroy the chromatograms.

In an air sample there will be large amounts of oxygen and

water. These compounds will temporarily be added to the surface
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layer, and may also react with the contaminants in the surface
layer (also refer to Aue and Kapila, 1973). In both cases the
contact potentials will be disturbed. The surfaces will then
drift back to the equilibrium condition during a time period
that may vary from a few seconds to 30 minutes or more. Also
carrier gas flow and pressure changes affect the equilibrium of
the detector.

Manufacturers design detectors with different geometries, dif-
ferent flow patterns, different materials etc. These factors
will to some extent affect the time constant for variations in
the contamination level. The only factor that significantly
affects the level of the contamination equilibrium (and thereby
the amplitude of the contact potential disturbances), 1is the

operating temperature.

7.5.2 Carrier gas flow rate

A high carrier gas flow will help to flush contaminants out of
the detector, unless the carrier gas itself is contaminated and
poorly filtered (in very many cases it is!). A too high
carrier gas flow (make-up gas included) will dilute the sample
and reduce sensitivity. In some cases the detector will be mass
sensitive, the response will then be independent of flow rate.
If the detector operates as a concentration sensitive device,
the product of peak area and flow rate will be proportional to
the mass injected. In most cases optimum conditions must be
found experimentally. Also refer to Devaux and Guiochon (Devaux
and Guiochon, 1969).

7.5.3 Direct current excitation voltage

A low excitation voltage will not <collect free electrons
efficiently. Electron collection will also easily be prevented
by contact potentials. A too high excitation voltage will cause

excessive build-up of space charges by ion migration, and free
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electrons will be accellerated to too high energies. Refer to
Lovelock, (Lovelock, 1963), Devaux and Giochon (Devaux and
Guiochon, 1967), Landowne (Landowne, 1970), and Aue and Kapila
(Aue and Kapila 1980).

7.5.4 Pulsed mode, constant fregquency

Pulse width, pulse voltage and frequency should be optimized.
Pulse width and voltage should be sufficient to collect all
free electrons during a pulse. With nitrogen carrier gas this
is achieved with approximately 2 pys at 30 V. With argon /5%
methane corresponding results are achieved with a pulse width
of approximately 0.5 ps and 30 V pulse height. A higher pulse
voltage will reduce sensitivity to contact potentials. A too
high pulse voltage may cause anomalous responses by accellera-
ting free electrons to an energy where new ionizing collisions
may take place. A high pulse frequency (pulse interval in the
order of 100 ps) results in a high standing current, but sensi-
tivity is reduced when the free electrons are not allowed suf-
ficient time to react with the sample. Furthermore, maximizing
linearity requires a pulse interval of 1000 pys or more. Also

refer to Devaux and Guiochon (Devaux and Guiochon, 1967).

In this mode detector sensitivity is not affected by moderate
changes in standing current. Contamination increase will reduce
the number of free electrons in the detector chamber and change
the surface contact potentials. This will only shift the
baseline 1level. With heavy contamination the sensitivity and

the linear operating range will be reduced.

7.5.5 Pulse mode, constant current

Modern ECD controllers tend to have only a few choises of
rather short pulse widths (e.g. 1 ps and 0.1 ps). A large
dynamic range requires a large frequency range, which in turn

requires a short pulse width. At a high frequency and a wide
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pulse width, 1linearity would be 1lost because operation is
coming close to the direct current mode. Furthermore, sensiti-
vity may actually be expected to increase if not all free elec-
trons are collected in each pulse, as this increases the pro-
portionality factor in the frequency to current relationship.
Due to the same argument, increasing pulse voltage may in this
mode reduce sensitivity. If all free electrons are collected
during the pulse, an increased voltage will not affect sensiti-
vity. Reducing pulse voltage will as before increase sensiti-

vity to contact potentials.

When the pulse is too short to collect all free electrons in
the chamber, only the electrons <close to the collecting
electrode will be collected. The detector becomes sensitive to
the electron concentration only in a volume close to the
electrode. If the sample elute is confined to the same volume
(in a pin-cup geometry, make-up gas may flow along the outer
cylindrical wall, and column elute 1in the central volume
containing the center electrode), an increased signal to noise
ratio may be achieved, but again at the cost of a lower linear
range. What has effectively been done, is that the number of
free electrons available for electron capture by the sample has

been reduced.

A new operating parameter appears in this mode of operation.
The constant current (often called the reference current)
collected from the detector must be set between =zero and the
maximum current available. A low reference current results in a
low baseline frequency, low sensitivity, large dynamic range
and high long-term stability. Detector contamination will often
increase slowly over weeks or months of continuous operation.
The maximum available detector current will decrease. When the
maximum available current comes close to the reference current,
baseline frequency and sensitivity will both increase very
much, and linear range will decrease. If the reference current
is not set to a low value, long-term stability must be expected
to be poorer in this mode of operation than in the constant

frequency mode.
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7.6 Electron capture detection models

In 1966 a theoretical model for the response of the pulsed
electron capture detector was published (Wenthworth, Chen and
Lovelock, 1966). Practical measurements were shown to agree
with the model. The paper examines the efficiency with which a
short voltage pulse will collect the free electrons for various
carrier gas compositions, pulse widths and pulse voltages. The
two major types of electron attachment to an electron captu-
ring species, AB, are described. In non-dissociative capture,

the species AB forms a stable negative ion AB :

AB + e~ - AB- (3)

In many cases the forward reaction will be only slightly tempe-
rature dependent, whereas the reverse reaction will increase
with increasing temperature. The detection efficiency will then

be decreasing with increasing temperature.

In dissociative electron capture the negative ion AB- will
immediately dissociate to form a radical and an ion, or to form

a radical-ion.

= A% + BT = éte.
AB + e~ - AB- (4)
- (A*B)- -~ etc.

These products may go through further reactions. In some cases
some of the products may also be electron capturing. The dis-
sociation will in most cases be quicker at higher temperatures,
increasing detection efficiency with increasing temperature. In
some cases dissosiation will also be favoured by collision with
electrons having a higher than thermal energy. In such cases a
peak 1in sensitivity may be seen for a specific voltage in DC
mode, and for a specific pulse voltage when the carrier gas is
pure argon (which does not 1limit electron energy to thermal

equilibrium by inelastic collisions). In that case the detector
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is however not strictly operating as an electron capture detec-

tor.
Wentworths model is based on the following assumptions:

- The production of thermal electrons is a constant which is
not affected by the presence of an electron capturing

species.

- The reaction zone is assumed to be within the distance from

the source that may be reached by the source electrons.

- The reaction zone has a large surplus of positive molecular
ions, since these are only removed by the slow gas flow out
of the cell, and by relatively infrequent recombination
reactions. The electrons are quickly and repeatedly removed

from the cell by the voltage pulses.

- The reaction zone is also assumed to have an excess of

radicals, and to be homogeneous.

- The reaction 2zone 1is treated as a static system with
respect to the electron concentration, since the flow out

of the cell is very slow compared to the pulse intervals.

The different reactions that may create or remove free
electrons and ions are formulated, and the rate of removal is
expressed as a set of differential equations. A specific

solution is found for the non-dissociative case:
b__Lg__l=K*a (5)

Here b is the electron concentration when no electron capturing
species 1is present in the chamber. The instantaneous electron
concentrations is e K is the electron capturing
coefficient, and a is the instantaneous concentration of the

electron capturing species. Observing that the detector current
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is a function of the electron concentration at the moment the
pulse is applied, the detector volume, and the pulse frequency,

this relationship is transformed into equation (2) above.

It 1is seen that the detector generally responds to the concen-
tration of the measured component. If the detector geometry and
operating parameters allow the whole peak to be detected with a
constant electron capturing coefficient (independent of the
flow path through the detector and of the flow rate), the
detector will respond to the mass of the component rather than
the concentration. A particular case of this is the coulo-
metric operation mode (may be achieved in both DC and pulsed
operation modes). Here all sample molecules are detected, and
detection efficiency is 100%. The response is now absolute. The
number of sample moelcules may be computed directly from the
"missing current" without calibration experiments. 1In most
cases the coulometric response appears for substances that
undergo destructive detection with irreversible electron
capture (Lovelock, Maggs and Adlard, 1971). Conditions for cou-
lometric behaviour have been treated in numerous papers. Refer
to Rosiek, Sliwka and Lasa (Rosiek, Sliwka and Lasa, 1977) and
Bro§ and Page (Bro$ and Page, 1976).

The above theory by Wentworth et al., (often called a "stirred
reactor" or "well mixed reactor" model) and derived theories
rely upon the assumption that the free electrons pay a domina-
ting role in the ECD response mechanism. An alternative theory
for the response mechanism has been developed by Gobby, Grims-
rud and Warden (Gobby, Grimsrud and Warden, 1980). This theory
incorporates electrostatic forces between charged particles.
The most important aspects of the model were stated as fol-

lows:

= All thermal electrons are removed to the anode during the

application of the pulse.

- The corresponding positive charge, created in the <cell by

electron removal, tends to dissipate itself by space-charge
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driven migration to all grounded surfaces (including the

anode) during the period between pulses.

= The thermal electrons produced throughout the cell during
the period between pulses are concentrated in a localized
zone of neutral charge (plasma). This zone is a cylindrical
sheath positioned between the center electrode and the
outer wall. Free electrons will immediately after their
creation migrate to the zone of maximum positive potential,
that 1is to the plasma region, which will grow with time

until the next pulse.

- Positive ion density will be close to constant through the

whole cell.

This model predicts that a fraction of the positive carrier gas
ions will migrate to the center electrode and contribute to the
measured current. The mathematical form of the response func-
tion 1is not changed, although the picture of the processes in
the detector 1is quite different. In the cylindrical geomemtry
the pulsed center electrode will receive the total current of
free electrons and approximately 25% of the corresonding posi-
tive ions. The observed current is the difference between these

two components.

7.7 Understanding PAN detection

The original Wentworth theory did not consider the fate of the
ionized carrier gas molecules (positive ions). They were
expected to be eventually flushed out of the detector by the
carrier gas flow. The Gobby, Grimsrud and Warden theory
consider the fate of both free electrons, positive ions and
negative ions (sample molecules with captured electrons), and

gives a wider understanding of the ECD.

The latter is a good basis for understanding the detection of

PAN, but still much work remains. The ECD in a PAN instrument
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is operated at a much lower temperature than the normal 200°C-
300°C. The sample air introduces large amounts of oxygen and
water vapour into the detector. A deep understanding of chemi
cal and physical processes on the surface of the center elec-
trode 1is needed to explain many aspects of the detector beha-
viour. The center electrode will have a surface layer of water,
nitrogen ions, oxygen, and a number of unknown contaminants.
The contact potential of this layer will influence the electro-
static conditions in the cell. The composition of the surface
layer will be influenced by the sample and by pressure/flow
transients. Any change that needs more time than the duration
of a peak to return to an equilibrium, will cause detector
instability. Such effects should be recognized in order to be

avoided.

It may be possible to find an optimum detector temperature in
the range from 50°C to 120°C (at the latter temperature the PAN
half 1life will be approximately 70 ms, which is long compared
to the pulse interval, but short compared to the total time a
sample molecule will be inside the detector chamber). This
optimum temperature must be expected to be unique for each
detector and each combination of numerous other operating
parameters. The existence of an optimum detector temperature
higher than the column temperature has not really been
established, as little is known about the electron attachment
process for PAN or about the disintegration modes of the
negative PAN ion (Ciccioli, Brancaleoni, Di Palo, Liberti, Di
Palo, 1985).
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