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Abstract

A novel chlorine-selective pulsed discharge emission detector (Cl-PDED) for gas chromatography has been developed
based on a reaction of krypton with chlorine and a unique design of the detector. A krypton ion produced in the
krypton-doped helium pulsed discharge reacts with chlorinated compounds within the pulsed discharge to produce an excited
species of KrCl* which emits at 221|222 nm. The reaction has the following advantages in respect to the detection of
chlorinated compounds: (1) the reaction is an ion–molecule reaction that is 100–1000 times faster than a reaction of
neutrals, which greatly enhances the sensitivity; (2) the KrCl* emission wavelength is far separated from interfering C
emissions at 193. and 247.3 nm; (3) the KrCl* emission is transparent to air and can be recorded without a helium purge of
the monochromator. The detector itself has been designed to have the following features: (1) the detector has a microvolume
of the pulsed discharge region, ca. 0.35 ml, which increases the discharge power density to enhance the sensitivity; (2) this
microvolume detector allows the use of a low flow-rate of |5 ml /min, which enhances the sensitivity by the lower dilution
of the column effluent; (3) the pulsed discharge is sufficiently narrow to replace the monochromator entrance slit, which
gives much greater light gathering power; (4) the discharge electrodes are protected with a helium purge to prevent carbon
deposition on the electrodes. This new Cl-PDED is the most sensitive chlorine-selective detector with a minimum
detectability of |50 fg Cl / s. The selectivity to carbon is 1000. There are no significant carbon emission lines in the KrCl*
emission wavelength region, but the carbon continuum interference (stray light) limits the selectivity. The selectivity could
be increased if a double monochromator were used to diminish the stray light. The detector linear range is over three orders
of magnitude from 40 fg Cl to |130 pg Cl, and the dynamic range is |4 orders of magnitude. The relative standard deviation
of the elemental response to chlorinated compounds is about 5%.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction total chlorine analysis but more commonly the
amount of the individual chlorinated compounds is

There are many applications, especially in en- analyzed. For the latter it is common to use a gas
vironmental analyses, where there is a need for the chromatographic separation of the mixture followed
analysis of chlorinated compounds. This can be a by a chlorine-selective detector, or a selective detec-

tor such as the electron capture detector. The chlor-
*Corresponding author. ine-selective detector most commonly used for the
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detection of chlorinated compounds is the elec- halogen atoms from halogen-containing compounds.
trolytic conductivity detector (ELCD). The ELCD is The halogen atoms then react with an alkali-sen-
frequently referred to as the Hall detector, the name sitized cathodic surface, which yields an increased
coming from the inventor (Randall C. Hall) who thermionic emission of free electrons and halide
refined the detector for the selective detection of ions. Collection of these negative species comprises
halogen, sulfur and nitrogen containing compounds the signal in the form of a cathodic current.
[1–4]. In a text edited by Hill and McMinn [5], In this study we describe a Cl-selective pulsed
Chapter 6 is written by Hall on the use of commer- discharge emission detector (Cl-PDED) based upon
cially available ELCDs as detectors for capillary the molecular emission from KrCl*. Low concen-
column chromatography. Since the focus of this trations of Kr in helium (|0.1–0.4%) are sufficient to
study is on the chlorine-selective detection, the use react with chlorinated compounds in the pulsed
of the ELCD as a chlorine detector only will be discharge emission detector to produce an excited
considered in this study. For the detection of chlori- state of KrCl* which emits in a fairly narrow
nated compounds with the ELCD, the column ef- molecular band at 221–222 nm. Since this emission
fluent is mixed with H gas and reacted in a nickel is in the ultraviolet region, spectrometers with con-2

tube which catalyzes the reaction at 850–10008C to ventional quartz optics are sufficient to detect this
HCl. The reaction with aromatic chloro-compounds emission. During the course of our studies with the
requires a higher temperature than the reaction with PDED we observed the reaction of Cl-containing
aliphatic chlorides due to the higher aromatic–Cl organic compounds with Kr quite by accident, but
bond dissociation energy [5]. However, the nickel the formation of KrCl* is well documented in the
reaction tubes tend to lose their catalytic activity and literature [9–11] and is widely used in an ultraviolet
need to be replaced periodically. The HCl produced laser which is commercially available. Like the
from the reaction with H is absorbed in propyl chlorine–krypton reaction, we also observed the2

alcohol and its presence is detected quantitatively by reaction of fluorine with krypton in the pulsed
a conductivity cell. The propyl alcohol must be discharge emission detector at 248.5 nm [9–11],
pumped at a precise rate and continuously cleaned, if which could be used for the fluorine-selective de-
recycled, in order to maintain a constant baseline. tection.
Propyl alcohol is used since it selectively absorbs In the development of this Cl-selective pulsed
HCl and not the CH produced from the carbon in discharge detector based upon the formation of4

the organic compounds. The conductivity cell is KrCl*, we have redesigned the detector to have a
rather sensitive and the detection limit of Cl for the small internal volume of only |0.35 ml. This reduc-
ELCD is quoted as |1 pg/s. The response to Cl in tion in volume allows the use of such low flow-rates
the ELCD has a dynamic range of about five orders as 3|5 ml /min. This not only makes the operation
of magnitude, but the response is non-linear, espe- more economical but the lower dilution of the GC
cially at higher concentrations [5]. The ELCD opera- effluent with these low flow-rates enhances the
tion requires catalyst tubes, solvents, resin cartridges, sensitivity of the detector. The pulsed discharge in
pumps and transfer lines. Compared to most GC the Cl-PDED is also sufficiently narrow that the
detectors it is rather complicated and care must be discharge can be used as the optical image, eliminat-
exercised in order to obtain consistent results over ing the entrance slit to the monochromator [12].
long periods of time. Elimination of the entrance slit gives much greater

More recently a halogen selective detector [6–8] light gathering power into the spectrometer, which
has been developed by OI Analytical (OI Analytical, also is a major factor contributing to the higher
College Station, TX, USA) which has the same sensitivity of this detector.
sensitivity as the ELCD. The linear range of the
response is quoted in its product specifications on

4Model 5360 (XSD) as 10 . The principle behind the 2. Experimental
operation of the detector is an oxidative pyrolysis of
the GC effluent over platinum heating coils to form Fig. 1 shows a block diagram of the entire
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Fig. 1. Block diagram of the entire apparatus and flow configurations.

apparatus including the flow of the gases. The Kr- 221|222 nm from KrCl*, a quartz window can be
doped helium was made by mixing the pure krypton used without any serious diminution of the emission
(99.999%, Air Liquide America, Houston, TX, USA) intensity. A schematic diagram of the entire Cl-
with the pure helium (99.999%, Air Liquide PDED including the spectrometer is shown in Fig. 3.
America). In order to obtain a small flow-rate of The detector position is actually perpendicular to that
Kr-dopant gas, the Kr was passed through a fixed shown in Fig. 3 so that the discharge is co-linear
restrictor at a controlled pressure. The fixed restrictor with the entrance slit normally used in the mono-
was made by constricting a piece of 1 /16 in. (1 chromator. Likewise the PMT is perpendicular to
in.52.54 cm) stainless tubing with 0.01 in. I.D. The that shown in Fig. 3 so that the axis of the cylindrical
Kr concentration in Kr-doped helium can be adjusted photomultiplier tube (PMT) is co-linear with the exit
by changing the regulator pressure of the Kr cylin- slit. The Cl-PDED was attached directly to the
der. The Kr flow-rate as a function of Kr pressure is entrance of the monochromator. Fig. 4 shows the
shown in Fig. 2. The curve fits a power function of
the Kr flow-rate versus the Kr pressure with a

2coefficient of determination R 50.994. Valco gas
purifiers (Valco, Houston, TX, USA) were used on
both the He and Kr gases. The purity of chemicals
used in this study was above 99%.

Details of the Cl-PDED, spectrometer, gas
chromatograph, chromatographic data system and
pulse generator in Fig. 1 will be discussed in the
following sections.

2.1. Chlorine-selective pulsed discharge emission
detector

Since the Cl-PDED utilizes the UV emission at Fig. 2. Krypton flow-rate versus pressure (1 p.s.i.56894.76 Pa).
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The 0.43 mm O.D. fused-silica tubing was
mounted in a special 1 /16 in. Tee consisting of a
male fitting at one end and a female fitting at the
other end. The 1/16 in. stainless steel tubing coming
from the side was silver-soldered into the body of the
Tee. The Tee was made so that the internal volume
was kept to a minimum.

The 1/4 in. Tee was heated by a heating collar
conventionally used for this purpose. The 1/4 in.
cartridge heater supplied the heat to the collar and
was controlled by a Valco temperature controller. A
hole was drilled perpendicular to the face of the Tee
in order to allow the emission to enter the spectrome-
ter.

The volume of the discharge region is so small, ca.
0.35 ml, that lower gas flow-rates of 3|5 ml /min for
the Cl-PDED could be used, thus increasing the
concentration of the analyte and increasing the
sensitivity of the analysis. Furthermore, lower flow-
rates will allow the use of smaller helium cylinders
and make the portability of the detector more
feasible. Also a smaller detector volume will make
the detector more amenable to high speed chroma-
tography where very narrow peak widths are ob-Fig. 3. Schematic diagram of Cl-PDED and spectrometer. Detec-

tor and PMT are rotated 908C out-of-plane in order to show the tained.
cross sectional view. Note that the electrodes are purged by the flow of

the helium inside the tubing surrounding the metal
detailed structure of the Cl-PDED. The Cl-PDED electrode to prevent carbon deposition on the elec-
consists of concentric fused-silica tubing where the trodes and to keep the electrodes at a relatively low
column effluent is introduced through the Tee at the temperature by removing the heat generated by the
inlet of the Cl-PDED and passes between the outside discharge. A flow of |1 ml /min was used for this
tubing and the next inner tubing which contains the purpose and seemed to be satisfactory since no
Mo electrode. The outside tubing was a piece of carbon deposits were observed on the metal elec-
uncoated fused-silica megabore column (0.53 mm trodes, and there was no significant carbon emission
I.D.30.67 mm O.D.) with the polyimide coating at 193.1 nm when the detector was free of analyte.
burned off in the discharge region to allow transmis- The metal electrode was a piece of 0.25 mm
sion of the UV radiation through the fused-silica. The diameter molybdenum wire (99.95%, Aldrich, Mil-
inner uncoated fused-silica tubing containing the Mo waukee, WI, USA). There was some deterioration of
electrode had an I.D. of 0.32 mm and an O.D. of the electrode over a period of a few months. In a
0.43 mm. The outside tubing was mounted in a 1/4 future design a larger diameter Mo wire, probably
in. stainless steel Tee and the distance from the 0.50 mm diameter, will be used to prevent or
monochromator wall was adjusted so that the dis- diminish the rate of deterioration. Also the detector
charge coincided with the optical image of the can be so designed that the electrodes are easily
monochromator, which is usually defined by the replaced.
entrance slit. The reason for this is to enhance the
light gathering from the discharge, thus giving a 2.2. Spectrometer
higher sensitivity for the analysis. This is similar to
the design discussed in another paper [12]. For the most part of this study the monochromator
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Fig. 4. Cross section of Cl-PDED.

portion of the spectrometer was the Acton mono- to measure the spectral intensities. A high voltage of
chromator which was made by Acton (Acton Re- 650 V was applied to the PMT. The spectral range of
search, Acton, MA, USA) specifically for spectral the photomultiplier was 180–650 nm. The current
measurements in the range of 100–250 nm. It has a from the photomultiplier was sent to a HNU Model
1 /8 m optical path as shown in Fig. 3. The grating PI-52 electrometer (HNU system, Newton, MA,
contains 2400 groves /mm and is blazed at 150 nm. USA) and the voltage (0–10 V) from the electrome-
All optics are No. 1200 AlMgF coated. As men- ter was sent to the computer.2

tioned earlier, the PDED was attached to the en- For the wavelength scan of emission spectra from
trance so that the discharge was at the position where He, Kr, Cl and KrCl* a GCA/McPherson EU700
the entrance slit is normally placed. The exit slit was monochromator (GCA/McPherson Instruments,
variable and was set at 0.050 mm. An EMI 9781 B Acton, MA, USA) was used. The monochromator
photomultiplier (EMI Gencom, NY, USA) was used contains a 1200 lines /mm grating and is blazed at
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250 nm with a dispersion of 2 nm/mm and maxi- by Wentworth et al. [13] was used in this study. The
mum resolution of 0.1 nm at 250 nm. The same high voltage required for the discharge was supplied
photomultiplier EMI 9781 B was used to measure by an automotive coil (E-30 Borg Warner). The coil
the emission spectra from 180 to 650 nm. was charged with 20 V from a Heathkit 2718 tri-

power supply unit (Heath, Benton Harbor, MI,
2.3. Gas chromatograph USA). The frequency of the discharge and the

charging time of the coil were controlled by a 4001
A Hewlett-Packard HP5880 gas chromatograph ultravariable pulse generator (Global Specialties,

was used. All samples were liquids and were injected New Haven, CT, USA).
through the splitter. None of the detectors that came
with the instrument were used. A J&W DB-5.625
capillary column 30 m30.25 mm I.D., film thickness 3. Mechanism of chlorine selective detection
0.5 mm was used for the analysis of volatile com-
pounds. The end of the column was inserted into a 3.1. Mechanism of helium excitation in a pulsed
piece of megabore fused-silica tubing (30 cm30.53 discharge
mm I.D.) connecting the Cl-PDED. Kr-doped helium,
at flow-rates between 0.5|8 ml /min, was mixed with An emission spectrum from He in the UV–visible
the column effluent to provide the Kr-doped reaction region obtained by the Cl-PDED at atmospheric exit
gas and to overcome the small dead volume in the pressure is shown in Fig. 5. The presence of many
Tee through which the column effluent passes. nitrogen bands indicates that there is greater back

The signal (voltage) from the electrometer was diffusion of air at such a low detector flow-rate of 5
converted to a digital output through a SMAD II (21 ml /min for this new version detector, compared to
bits) A–D converter 02A (Marc S. Nathanson, 30|50 ml /min for the conventional pulsed discharge
Sharon, MA, USA)., and processed through The emission detector [12,14–16]. This does not affect
Chromatography Data Acquisition System for the the Cl-PDED performance since the effect of nitro-
Macintosh, Machrom V2.02A (Marc S. Nathanson). gen bands from back diffusion is almost offset by
A Macintosh Performa 6214CD computer was used. doping Kr into He in the discharge as shown in Fig.

6.
2.4. Pulse generator A comprehensive spectroscopic study of the emis-

sion spectra arising from the pulsed discharge has
The same pulse generator as described in the paper been carried out by Wentworth et al. [16]. From the

Fig. 5. UV–visible emission spectrum of helium at 1 atm (5101 325 Pa) pressure obtained by Cl-PDED. Pulse width: 30 ms, pulse spacing:
400 ms, discharge gas: helium, flow-rate: 5 ml /min, detector temperature: 308C.
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Fig. 6. (a) UV–visible emission spectrum of krypton-doped helium at 1 atm pressure obtained by Cl-PDED. Pulse width: 30 ms, pulse
spacing: 400 ms, discharge gas: 0.4% krypton in helium, flow-rate: 5 ml /min, detector temperature: 308C. (b) Emission spectrum of
krypton-doped helium near 440 nm. Same conditions as in (a).

results of that study a mechanism for the production 2. The ionization in the discharge arises primarily by
of excited and ionized species has been proposed. the following reaction of helium atoms in an

3 1 2Summaries of the essential features of the mecha- excited triplet state: 2He(2 S) → He 1 He 1 e
nism that are pertinent to this work are as follows: 3. The stability of the discharge is apparently due to
1. He* emission intensities correlate with a the lack of ionization directly by the discharge.

*Boltzmann distribution of the He* states. The 4. He comes from two reaction paths:2

correlation gives an estimate of the discharge
*temperature of 3200 K. (a) He* 1 2He → He 1 He (1)2
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1 1(b) He 1 2He → He 1 He (2) From this spectrum it is obvious that both excited2
1 *Kr and Kr are formed in the discharge. Either He2

11 2 or He has sufficient energy to form these species in*He 1 e → He (3) 22 2
a Kr-doped helium mixture:

*The He generated in Eq. (1) fits a Boltzmann2 1 2*He 1 Kr → Kr 1 2He 1 e (4)2distribution since He* follows a Boltzmann dis-
*tribution. He formed in Eq. (2) does not fit a2 1 1He 1 Kr → Kr 1 2He (5)* 2Boltzmann distribution. The He formed by these2

*processes can be differentiated by following the He2
Ionization of Kr requires the ionization potentialemission as a function of time when a negative

*of 13.999 eV. The He states are |18 eV and higherdischarge potential is used. 2
1[17]. The energy available from He is the ioniza-Since the discharge is carried out at approximately 2

tion potential of He (24.5 eV) minus the bond energyone atmosphere pressure, this relatively high con-
1of He (2 eV) which gives 22.5 eV, far in excess ofcentration of He probably converts most of the He* 2

1 1 the required 13.999 eV. The above reactions could*and He to He and He , respectively. The con-2 2
1 occur starting with the monatomic species He* andcentration of He will be enhanced by using a2 1He and the energetics would be even more favor-negative discharge potential that repels the electrons

able. However, we think the diatomic species are thefrom the discharge region.
most predominant at one atmosphere helium. Even
though we give two processes for the formation of3.2. Mechanism of excitation in krypton-doped 1Kr in Eqs. (4) and (5) we think Eq. (5) wouldhelium
make the largest contribution since ion–molecule
reactions are inherently faster than reactions ofIf helium is doped at low concentrations of
neutral species. The excited monatomic Kr can alsokrypton (,1%) the physical characteristics of the
be produced but that would probably be through adischarge remain the same as in pure helium. This
reaction of neutrals:logically results since the initial excitation will occur

*He 1 Kr → Kr* 1 2He (6)with the major component, i.e., helium. The excited 2

He species then transfer their energy to the lower
Since we observed emission from Kr* in theenergy states of Kr. The lowest excited states of Kr

UV–visible region in addition to the resonanceare at 11.1 and 11.6 eV, and these are readily
radiation in the vacuum UV, the upper electronicobserved from the vacuum ultraviolet emission spec-
states must be occupied at energies just under thetra of Kr-doped helium [12]. Of course excited states
ionization potential (IP). Hence the energy requiredof Kr above the lowest excited state could also be
to excite Kr would be less than the IP of 13.999 eV.formed. These would range up to the ionization limit

*As mentioned previously, He states are at 18 eV orof 13.999 eV for Kr. Transitions from these upper 2

higher so there is more than enough energy to allowexcited states to the lower excited states would give
the reaction in Eq. (6) to occur.off radiation in the visible region with l.428 nm.

Indeed we have recorded the emission spectrum from
Kr-doped helium and some of these transitions are 3.3. Mechanism of formation of KrCl*
shown in Fig. 6. The emission spectrum also con-
tains some He transitions but they are of lower When a chlorocompound is introduced to the
intensities than in pure He. The most intense He pulsed discharge in Kr-doped helium we observe the
emission occurs at 388.9 nm. The line at 557.0 nm well known emission from KrCl* at 221–222 nm.
comes from Kr. The group of lines in the vicinity of The emission spectrum for the molecular transition
440 nm arises from krypton. The four intense lines of KrCl* is shown in Fig. 7. The emission spectrum
427.4, 432.0, 435.5 and 436.3 nm could be attributed of chlorine in pure helium is shown in Fig. 8 for

1to Kr or Kr since both species have transitions at comparison. The spectrum of KrCl* obtained
these wavelengths. through the pulsed discharge is similar to those
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Fig. 7. (a) Emission spectrum of KrCl* at 1 atm pressure obtained by Cl-PDED. Pulse width: 30 ms, pulse spacing: 400 ms, reaction gas: 0.8
ppm CH Cl in krypton-doped helium (0.4% Kr), flow-rate: 5 ml /min, detector temperature: 308C. (b) Enlarged emission spectrum of2 2

KrCl*. Same conditions as in (a).

*obtained in other exciting sources [9–11]. The KrCl* emission at 193.1 nm. There are, however, a few C2

emission band with a half width of 1.7 nm shows emissions in the vicinity of 221–222 nm that can
only a small amount of rotational fine structure on possibly interfere with the measurement of the KrCl*
the short wavelength side. Note that the KrCl* emission.

1emission is far removed from the atomic carbon From an energetics standpoint both Kr* and Kr
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Fig. 8. Emission spectrum of chlorine in helium at 1 atm pressure obtained by Cl-PDED. Pulse width: 30 ms, pulse spacing: 400 ms,
reaction gas: 4 ppm CH Cl in helium, flow-rate: 5 ml /min, detector temperature: 308C.2 2

could abstract the Cl from a organochlorine com- DE 5 2 13.999 eV 1 3.5 eV2 3.4 eV 1 (7–9) eV
pound to form the excited state of KrCl*. For the 5 2 6.9 to 2 4.9 eV (12)
reaction with Kr*

where we have assumed a range for the IP of R to be
?Kr* 1 RCl → KrCl* 1 R (7) from 7 to 9 eV. The IP from the propyl radical is 8.1

eV and isopropyl 7.5 eV, whereas the IP for thethe change in energy for the process is
phenyl radical is 9.2 eV. Again we see that the
process is highly exothermic, regardless of the*DE 5 2 E 1 D 2 D (8)Kr R–Cl Kr–Cl*

estimates in the bond dissociation energies and the
IP of the radicals. Both the reactions with neutralDE 5 2 10.1 eV 1 3.5 eV2 3.4 eV5 2 10.0 eV (9)

1He* and the ion He would be favorable from a
thermodynamic standpoint. However, we know thatwhere we have estimated the R–Cl bond dissociation
the ion–molecule reaction should occur at a fasterenergy as 3.5 eV (|80 kcal /mol; 1 cal54.184 J) and
rate due to the ion-induced dipole interactions. Forthe Kr–Cl* bond dissociation energy as 3/2 D 5Br–Cl
this reason we think the principal source of KrCl* is3.4 eV. The Kr–Cl* should have a bond order of 3 /2
through the reaction given by Eq. (10).since an antibonding electron has been promoted to a

bonding molecular orbital in the excited state. Obvi-
ously the process is highly exothermic and would be

4. Effects of operating parameters on chlorine-so regardless of the estimates in the bond dissocia-
selective pulsed discharge emission detectortion energies.

1For the reaction with Kr
The Cl-PDED has several operating parameters

1 1Kr 1 RCl → KrCl* 1 R (10) that affect the sensitivity and the selectivity of the
detector. Two of them are involved with the spec-the change in energy can be estimated by
trometer: wavelength selection and exit slit width.

*DE 5 2 IP 1 D 2 D 1 IP (11) Another three parameters are associated with theKr R–Cl Kr–Cl R
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carbon interference from 220.5 to 223.5 nm. The
maximum Cl response occurs at the wavelength of
222.1 nm. The Acton monochromator used for this
study was calibrated by the carbon line of 193.1 nm
and by comparison with the GCA/McPherson EU
700 monochromator. This maximum wavelength of
KrCl* emission is identical with that reported by
Jones et al. [11]. Since there are possible C emis-2

sions at 221.66 and 221.82 nm [18], and the carbon
continuum to interfere with the Cl detection in this
wavelength region, it is critical to consider not only
the sensitivity of Cl detection but also the selectivity
to carbon with respect to the selection of the
wavelength. Fortunately, at the wavelength of 222.1

Fig. 9. Effect of wavelength on response. Discharge gas: 0.2% nm both the elemental response of chlorine and the
krypton in helium, flow-rate: 3.8 ml /min.

selectivity to carbon are highest, as shown in Fig. 10.
It is also shown in Figs. 9 and 10 that the correct

pulsed discharge: the pulse width, the pulse spacing selection of the wavelength is important since the
and polarity of the pulsed discharge. Other operating response varies rapidly with the wavelength. In this
parameters include Kr concentration, detector tem- study a wavelength of 222.1 nm (calibrated wave-
perature and detector flow-rate. For a new Cl-PDED length for the Acton Monochromator used in this
it must be purged with helium for tens of hours to work) was used except in one case where 222.6 nm
reach a constant response. All of these operating was used instead to study the effect of detector
parameters will be discussed according to the detec- temperature on response.
tor sensitivity as well as the selectivity to find the
optimum operating conditions. 4.2. Monochromator slit width

4.1. Wavelength Since the entrance slit was eliminated due to the
narrow discharge of the Cl-PDED detector, only the

The choice of the detection wavelength affects exit slit of the monochromator was considered. The
both the sensitivity and the selectivity. In Fig. 9 we exit slit controls the light intensity collected by the
show the Cl response as well as the response of photomultiplier. Although a large exit slit width

Fig. 10. Effect of wavelength on selectivity and elemental response.
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increases the detection intensity, it raises the back- reduce the possibility of spectral interference from
ground and noise levels and lowers the spectral other elements except Cl, such as C, N and O, an
resolution. It has both positive and negative effects exit slit width of 50 mm was used in this study.
on the Cl-PDED performance. In Fig. 11a we show
the elemental response to chlorine and the selectivity 4.3. Pulse width and spacing
to carbon at various slit widths. Since the emission
intensities of KrCl*, the carbon interference from C For the Cl-PDED the spacing between the dis-2,

and the carbon continuum increase proportionally charge electrodes is 1.6 mm. The discharge reaction
with the slit opening, the selectivity remains nearly region consists of a piece of megabore fused-silica
unchanged. The higher response at the larger slit due capillary tubing with 0.53 mm I.D. The volume of
to the greater light intensity does not necessarily the reaction region through which the Kr-doped
mean an improvement in detector performance since, helium and compounds pass is very small, about 0.35
on the other hand, the detector performance deterior- ml. This small volume helps to spatially confine the
ates due to the higher background and noise levels. discharge, enhance current density and brightness
Fig. 11b shows a graph of the minimum detectability and to allow the use of a lower helium flow-rate. As
to chlorine versus the exit slit, which reflects both a result of the high current density for the Cl-PDED,
effects of the signal intensity and the noise level on the pulsed discharge needs less power applied to it
the detector performance. The minimum detectability compared to other pulsed discharge detectors (PDED
varies slightly from a slit width of 65 to 200 mm. To [12,14,15], helium pulsed discharge photoionisation

detector [13] and pulsed discharge electron-capture
detector [19,20]).

The current and voltage of the discharge are
controlled by two factors: (1) the power supplied to
the discharge via the primary coil and (2) the
frequency of the pulsed discharge. The power sup-
plied to the discharge depends upon the time that a
20-V power supply is applied to the coil. This is
controlled by the pulse width of a square wave pulse
generator. The frequency of the discharge is con-
trolled by the frequency of the pulse supplied by the
square wave pulse generator. Generally, a larger
pulse width raises baseline and noise levels, the
sensitivity increases as the pulse spacing is lowered.
However, the noise level also must be considered.
The baseline level and the noise level were measured
at different combinations of the pulse width and the
pulse spacing. A pulsed discharge with a 15-ms
width and a 400-ms spacing has both lower levels of
the baseline and the noise, and at the same time has a
moderate power supplied to the discharge. Thus, it
was used in the study except where indicated.

4.4. Polarity of pulsed discharge

The polarity of the pulsed discharge affects the
baseline and the noise dramatically, as shown in Fig.Fig. 11. (a) Effect of slit width on selectivity and sensitivity.
12. A negative pulsed discharge resulted in a noisyDischarge gas: 0.2% krypton in helium, flow-rate: 3.8 ml /min. (b)

Effect of slit width on minimum detectability. background and a chromatogram with distorted
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Fig. 12. (a) Chromatogram using the Cl-PDED with a positive pulsed discharge. Column: DB-5.625, 30 m30.25 mm I.D., d : 0.5 mm,f

carrier gas: He, flow-rate: 25 cm/s, column temperature: 558C, injector temperature: 1508C, pulse width: 15 ms, pulse spacing: 400 ms,
wavelength: 222.1 nm, discharge gas: 0.1% krypton in helium, flow-rate: 6 ml /min, detector temperature: 1308C. (b) Chromatogram using
the Cl-PDED with a negative pulsed discharge. Same conditions as in (a).
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peaks (Fig. 12b). It is obvious that a positive pulsed
discharge is preferable over a negative pulse dis-
charge.

4.5. Purging time for the new detector

For a newly built Cl-PDED, water and air are
adsorbed on the inside surface of the detector and it
takes a considerable period of time to purge the
detector with helium prior to its use. Fig. 13 shows a
graph of the elemental response to chlorine versus
the purging time. The response was considerably
lower at the beginning, and it took at least 2 days
before the response increased to a constant value.
Since the total detector flow-rate is small, ca. 5 Fig. 14. Elemental response versus Kr concentration. Discharge
ml /min, we suggest that the detector be purged with gas flow-rate: 4.3 ml /min, 5 pg Cl of each compound.

helium continuously, even when not in use.

4.6. Krypton concentration tory and slight variations in the Kr concentration
should have little effect on the response. For these

The response of the Cl-PDED was measured as a studies the detector temperature was 1308C and the
function of Kr concentration for eight compounds. flow-rate through the detector was 4.3 ml /min.
The Kr concentration was varied from 0.1 to 1.0% in Approximately 5 pg of each compound was injected,
intervals of 0.1%. The average elemental response which, as we will see later, is well within the linear
from five runs for each compound as a function of concentration range. A DB-5.625 column (30 m3

Kr concentration is shown in Fig. 14. In general 0.25 mm I.D. and 0.5 mm thickness from J&W
there is little change in response with concentration Scientific) was used for the separation. The tempera-
of Kr for all eight compounds. Above 0.3–0.4% ture program was isothermal at 408C for 2 min,
there is a gradual decrease in response, but the 208C/min to 1408C and held at 1408C for 3 min.
overall change to 1% Kr is only about 7%. From
these results a concentration of |0.2% Kr is satisfac- 4.7. Detector temperature

Elemental response has been studied as a function
of temperature in the range 40–1608C. For these
studies the wavelength was 222.6 nm, the Kr con-
centration was 0.4%, the flow-rate was 4.8 ml /min
and |20 pg of each compound was injected. Other
conditions were the same as in Fig. 18. There is no
significant trend for any of the eight compounds over
the temperature range investigated. Since the re-
sponse should be directly related to the rate for the

1Kr 1RCl reaction, the activation energy for this
reaction must be approximately zero. From an ana-
lytical standpoint the detector temperature is in-
significant except that it must be sufficiently high to
prevent condensation of the compounds being eluted.
In order to examine the slight variations with tem-

Fig. 13. Elemental response versus purging time. perature, the average elemental response is graphed
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Fig. 15. Elemental response versus detector temperature. Dis-
charge gas: 0.4% krypton in helium, 4.8 ml /min, 20 pg Cl of each Fig. 16. Elemental response versus detector flow-rate. Discharge
compound. gas: 0.35% krypton in helium, 5 pg Cl of each compound.

as a function of temperature in Fig. 15. Again the
average response is the average of five runs for each flow-rates. The response /pg Cl seems to become
of the eight compounds. Raising the temperature greater than expected by the 1/F relationship as
from 40 to 708C increases the average response of shown by the upward curvature in Fig. 17 at large
the eight compounds by 2.5% but increasing the 1/F values. If the objective is to obtain the maxi-
temperature in steps to 1608C shows no significant mum sensitivity, a low flow-rate would be desired.
change in response. There is, however, a slight Since the response is quite sensitive to flow-rate at
increase in the variation of response from one 4–4.5 ml /min, the flow-rate should be well con-
compound to another as the temperature is increased, trolled in order to have good reproducibility.
but again the increase is not significant. Based on We summarize typical operating conditions as
these data we can conclude that the response of the follows:
Cl-PDED detector is essentially independent of • Wavelength: 222.1 nm.
temperature. • Monochromator slit width: 50 mm.

4.8. Detector flow-rate

The dependence of the elemental response on
flow-rate is shown in Fig. 16. For these studies the
detector temperature was 1308C, Kr concentration
was 0.35% and approximately 5 pg of each com-
pound was injected. Other conditions were the same
as in Fig. 18. Again the average of five response
values is given for each compound at flow-rates (F )
ranging from 3.8 to 9.5 ml /min. Since the response
of the Cl-PDED detector is certainly concentration
dependent, the response decreases with increasing
flow-rate. One would expect the response to be
proportional to the reciprocal of the flow-rate, as
shown in Fig. 17. The expected linear relationship is
better obeyed at high flow-rates or low reciprocal Fig. 17. Elemental response versus reciprocal of flow-rate.
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• Pulse width and spacing: 15 ms /400 ms. brightness; (3) the discharge is sufficiently narrow
• Polarity of pulsed discharge: positive. that it replaces the entrance slit to the mono-
• Krypton concentration: 0.1|0.5%. chromator, which greatly enhances the light gather-
• Detector temperature: insensitive. ing power.
• Detector flow-rate: 4|5 ml /min. In Fig. 18 we show chromatograms of the eight

component mixture used in Tables 1 and 2 and Figs.
13 – 17. Fig. 18a results from the injection of

5. Performance of Cl-selective pulsed discharge approximately 0.1 pg of Cl for each of eight com-
emission detector ponents. In Fig. 18b, we show a similar chromato-

gram except that the level of injection was approxi-
As discussed earlier, the Cl-PDED is a selective mately 50 pg of Cl for each compound. The signal-

detector, which responds only to the presence of to-noise ratio for the compounds shown in Fig. 18a
chlorine atoms in a compound. The response of the is about 5:1, and the peak half widths are around
Cl-PDED is especially sensitive to the detector flow- 1.7 s, so we estimate the detection limit as 50 fg Cl / s
rate, generally decreasing with increasing detector at the signal-to-noise level of S /N53.
flow-rate. This clearly indicates the Cl-PDED, like
other atomic emission detectors, is a concentration 5.2. Linear range and dynamic range
dependent detector.

In Fig. 19 we show the linear range and the
5.1. Sensitivity and minimum detectability dynamic range of chloroform for the Cl-PDED. Fig.

20 shows the linear range in detail at low con-
As mentioned earlier, the Cl-PDED is a con- centrations of chloroform. As shown in the figures,

centration detector. In the literature, however, the the Cl-PDED linear range is over 2000 and the
atomic emission detector (AED) was treated as a dynamic range is extended to 15 000.
mass flow detector although it is a concentration Scott and Fowliss [21] proposed a method for
detector. For comparison with the AED and other linearity measurement, which can be expressed by

bGC detectors, the results in Table 1 are given in both the following simple relationship: y 5 ax where y is
concentration and mass units. response (mV s), x is mass injected (pg), a is a

The Cl-PDED sensitivity is the highest of the constant and b is the response index.
element-selective detectors (Hall, AED, halogen The response index b provides an accurate mea-
selective detector (XSD), nitrogen–phosphate and sure of linearity. For a truly linear detector, b will be
flame photomeric detectors). The minimum detec- unity. If the response index b falls between 0.98 and
tability to chlorine is 50 fg /s. The Cl-PDED sen- 1.02 the detector response can be assumed to have a
sitivity is greatly enhanced due to three unique satisfactory linearity.
features: (1) the reaction of krypton with chlorine is The response as a function of concentration for all
an ion–molecule reaction which is 100–1000 times eight compounds within the linear range is combined
greater than a reaction of neutrals; (2) the discharge in a single graph of log R versus log pg Cl in Fig. 21.
reaction region consists of a piece of capillary tubing By combining the data into a single graph one can
with a volume of 0.35 ml which spatially confines evaluate the variation in response from different
the discharge to enhance the discharge density and compounds along with the variation in the data. In

Table 1
Sensitivity and minimum detectability of Cl-PDED

Concentration Mass

Sensitivity Minimum detectability Sensitivity Minimum detectability
[mV/(g Cl /ml)] [g Cl /ml] [mV/(g Cl / s)] [g Cl / s]

12 213 13 2142.4?10 5.0?10 2.5?10 5.0?10
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Fig. 18. Chromatograms of eight chlorinated compound mixture using the Cl-PDED. (a) Low concentration, (b) high concentration.
Column: DB-5.625, 30 m30.25 mm I.D., d : 0.5 mm, carrier gas: He, flow-rate: 30 cm/s, oven temperature program: 408C (2 min),f

208C/min to 1408C (3 min), pulse width: 15 ms, pulse spacing: 400 ms, wavelength: 222.1 nm, detector gas: 0.2% krypton in helium,
detector flow-rate: 4.2 ml /min, detector temperature: 1508C, injector temperature: 1508C, injector split ratio: 82:1, 0.2 ml sample in
methanol.
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Table 2
Elemental response versus mass of chlorine for eight compounds

Chloroform
apg Cl 0.122 0.354 0.708 1.409 6.776 12.94 29.59 99.60 142.29

bR /pg Cl 24.99 26.38 25.99 25.74 25.35 25.83 26.39 25.96 24.79
SD (N55) 0.73 0.63 0.20 0.08 0.17 0.27 0.27 0.35 0.21
RSD (%) (N55) 2.91 2.38 0.78 0.32 0.67 1.05 1.01 1.34 0.83

Carbon tetrachloride
pg Cl 0.137 0.397 0.794 1.581 7.603 14.51 33.20 111.76 159.65
R /pg Cl 25.67 26.57 26.60 27.73 27.13 27.41 26.34 26.27 23.98
SD (N55) 0.72 0.14 0.29 0.33 0.11 0.07 0.40 0.25 0.23
RSD (%) (N55) 2.81 0.53 1.08 1.20 0.42 0.25 1.52 0.94 0.98

Trichloroethylene
pg Cl 0.110 0.319 0.638 1.270 6.106 11.66 26.66 89.76 128.23
R /pg Cl 24.04 26.23 25.92 26.54 25.96 26.32 25.50 25.96 24.68
SD (N55) 1.37 0.44 0.18 0.34 0.13 0.30 0.22 0.24 0.30
RSD (%) (N55) 5.71 1.69 0.68 1.27 0.49 1.13 0.87 0.93 1.22

1-Chloropentane
pg Cl 0.082 0.158 0.315 1.514 2.890 6.609 22.25 31.79 60.68 91.02
R /pg Cl 25.34 27.30 26.66 25.83 25.47 24.87 26.77 25.59 24.48 21.33
SD (N55) 2.37 0.70 0.50 0.36 0.30 0.29 0.17 0.30 0.60 0.15
RSD (%) (N55) 9.36 2.58 1.88 1.39 1.19 1.16 0.65 1.18 2.43 0.69

Cyclopentyl chloride
pg Cl 0.095 0.184 0.366 1.758 3.357 7.677 25.85 36.92 70.49 105.74
R /pg Cl 25.80 25.97 26.27 26.80 26.58 26.24 28.01 26.99 25.75 22.68
SD (N55) 1.32 0.97 0.66 0.29 0.38 0.17 0.24 0.25 0.49 0.14
RSD (%) (N55) 5.10 3.74 2.51 1.07 1.43 0.65 0.84 0.91 1.88 0.61

Tetrachloroethylene
pg Cl 0.129 0.374 0.748 1.490 7.164 13.68 31.28 105.31 150.44
R /pg Cl 25.37 26.16 26.86 28.01 27.54 26.98 26.42 26.88 24.91
SD (N55) 0.85 0.20 0.76 0.18 0.09 0.07 0.30 0.18 0.22
RSD (%) (N55) 3.35 0.77 2.83 0.63 0.32 0.24 1.15 0.68 0.88

Chlorobenzene
pg Cl 0.098 0.189 0.376 1.810 3.455 7.901 26.60 38.00 72.55 108.82
R /pg Cl 24.16 25.38 25.64 26.08 25.50 25.95 27.02 26.27 25.94 23.22
SD (N55) 1.19 0.66 0.60 0.17 0.37 0.13 0.30 0.30 0.19 0.21
RSD (%) (N55) 4.94 2.58 2.35 0.67 1.45 0.49 1.11 1.12 0.74 0.89

1,2-Dichlorobenzene
pg Cl 0.117 0.170 0.339 0.676 3.249 6.203 14.19 47.76 68.23 130.25 195.38
R /pg Cl 25.06 26.93 26.62 26.08 25.87 25.80 27.49 27.46 27.55 27.02 24.23
SD (N55) 0.68 0.67 0.51 0.72 0.05 0.32 0.16 0.29 0.35 0.24 0.34
RSD (%) (N55) 2.72 2.50 1.93 2.77 0.20 1.23 0.59 1.06 1.25 0.89 1.39

Overall average elemental response 25.97 6 1.17
a Mass of chlorine injected.
b Average elemental response (mV sec/pg Cl) calculated from five measurements.
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Fig. 19. Linear range and dynamic range of Cl-PDED. Same conditions as in Fig. 18.

Fig. 20. Linearity at low concentrations. Same conditions as in Fig. 18.
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Fig. 21. Log response versus log pg Cl for all eight compounds. Same conditions as in Fig. 18.

Fig. 21 the average of five responses is shown at 5.3. Elemental response
each concentration. The values of ‘‘a’’ show the
consistency of the response /pg Cl. The values range The data in Table 2 are the elemental responses
from 25.419 to 26.646 for the individual eight for all eight compounds within the linear range. Fig.
compounds. The average of these ‘‘a’’ values is 23 shows a graph of the elemental response versus
26.038 with a percentage standard deviation of 1.7%. mass of chlorine. The overall average elemental
A reasonably good linear relationship with a re- response is 25.97 mV s/pg Cl with a variation of
sponse index of 0.9975 exists over three orders of |4.5%. One should note the wide variety of com-
magnitude from less than 0.1 pg Cl to |150 pg Cl. pounds from saturated compounds with a large range
Fig. 22 shows the dynamic range in a single graph of Cl substituents to unsaturated and aromatic Cl-
for all eight compounds. Note that over four orders containing compounds. This constant response /pg Cl
of magnitude are observed for the dynamic range in suggests the rate constants involved in the excitation
the combined graph of all eight compounds. This is process are approximately constant, which is amaz-
consistent with the previously observed dynamic ing considering the large variation in molecular
range of a single compound – chloroform. structure and the C–Cl bond strength in the various

Above 150 pg Cl the response curve bends over compounds.
with a lower slope. The cause for the curvature The data in Table 2 can also be used to evaluate
above 150 pg Cl is most likely due to a decrease in the precision of the response /pg Cl. The standard

1the concentration of Kr available for the reaction deviation for the five successive measurements for
with RCl. In conclusion, the Cl-PDED response is each compound ranges from |0.05 to 2.37 mV s with
linear over three orders of magnitude, and the an average of |0.40 mV s. For an average response /
dynamic range can be extended to four orders of pg Cl of |25.97 mV s/pg Cl, this is an average
magnitude. precision of |1.5%. This, of course, is the precision
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Fig. 22. Dynamic range for all eight compounds. Same conditions as in Fig. 18.

Fig. 23. Elemental response versus mass of chlorine. Same conditions as in Fig. 18.
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over a relatively short term, and a subsequent study of the other chromatograms. There appears to be no
should be carried out in order to evaluate the permanent effect of the hydrocarbon solvent on the
precision over a long period of months to a year. The performance of the Cl-PDED. The only requirement
precision of the individual responses /pg Cl of 1.5% in using a hydrocarbon solvent is to have sufficient
is lower than the 4.5% variation between com- separation of the solvent from the chlorine-contain-
pounds. Apparently the variation between com- ing compounds.
pounds is real but is not much greater than the
precision of the measurement. 5.6. Effect of a hydrocarbon matrix

5.4. Selectivity With a selectivity of |1000 towards carbon, a
high hydrocarbon matrix in a sample would be

The selectivity is used to measure the interference expected to give a significant contribution to the
from the matrix. It is defined as the ratio of the background which would obscure the KrCl emission
response of chlorine to the response of the interfering from the Cl-PDED. This is also illustrated in Fig.
element. In most cases, the interfering element is 12a when the carbon emission from 510 pg of C
considered to be carbon since almost all organic from n-C H is comparable to the KrCl emission7 16compounds contain carbon. Carbon generates C2 from 0.6 pg Cl from CHCl . If greater selectivity to3emissions and a continuum due to stray light over the carbon were attained, the interference from the
complete spectrum. The continuum results in carbon hydrocarbon matrix would be diminished.
interference at every point over the spectrum. The
selectivity to carbon is improved since the emission

5.7. Quenchingwavelength at 221|222 nm is far separated from
interfering carbon emission at 193.1 and 247.3 nm.

The effect of hydrocarbon quenching of the KrClNot only are there no significant carbon emission
emission is addressed in the fourth paper in thislines in this wavelength region, but the carbon
series. The chlorine-containing compounds werecontinuum is reduced by preventing carbon deposi-
added to a gasoline sample and the quenching effecttion on the electrodes. The selectivity to carbon is
of the hydrocarbon co-elution was evaluated. Atover 1000, which is better than the other atomic
these concentrations the quenching of the KrClemission detectors without a correction system (20
emission was |3–10%.reported by McCormack et al. [22], 100 by McLean

et al. [23], 610 by Estes et al. [24]). The selectivity
to oxygen is also determined using CH OH and3

C H OH, and is found to be greater than 1500. The 6. Comparison of Cl-PDED with electron2 5

selectivity of the atomic emission detectors is greatly capture detector
increased by using a triple-slit-exit system [25,26], or
by using diode array detection with a sophisticated The electron capture detector is the most sensitive
software correction system which corrects the back- and useful detector in environmental analyses
ground by subtracting carbon interference [27,28]. [19,20,29]. However, its responses are not uniform
The selectivity of the Cl-PDED may be increased by with respect to the determination of chlorinated
using a monochromator with less stray light. compounds [19,20,30]. Fig. 24a and b shows the

determination of chlorinated compounds using the
5.5. Solvent tolerance parallel Cl-PDED–pulsed discharge electron capture

detectors (PDECD). The column exit split ratio of
Since the selectivity to carbon is |1000, a hydro- PDECD–Cl-PDED was 7:1 in favor of the PDECD.

carbon solvent will cause the greatest interference For compounds having high electron capture co-
with the Cl-PDED. In Fig. 12a the solvent was efficients, such as carbon tetrachloride, the PDECD
pentane and one can note the greater tail of the sensitivities are higher than with the Cl-PDED.
solvent than with methanol, which was used in most However, for compounds having low electron cap-
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Fig. 24. Chromatograms of environmental protection agency (EPA) 502 mixture using parallel Cl-PDED–PDECD detectors. (a) Cl-PDED,
(b) PDECD. Column: DB-5.625, 30 m30.25 mm I.D., d : 0.5 mm, oven temperature program: 308C (5 min), 58C/min to 708C, 208C/min tof

1308C (4 min), carrier gas: He, flow-rate: 30 cm/s, pulse width: 15 ms, pulse spacing: 400 ms, wavelength: 222.1 nm, detector gas: 0.2%
krypton in helium, detector flow-rate: 3.5 ml /min, detector temperature: 1508C, injector temperature: 2008C, injector split ratio: 100:1, 0.2
ml sample in methanol. 151,1-Dichloroethene, 25methylene chloride, 35trans-1,2-dichloroethene, 451,1-dichloroethane, 55chloroform,
651,1,1-trichloroethane, 751,2-dichloroethane, 85carbon tetrachloride, 951,2-dichloropropane, 105bromodichloromethane, 115cis-1,3-
dichloropropene, 125trans-1,3-dichloropropene, 1351,1,2-trichloroethane, 145dibromochloromethane, 1551,1,2,2-tetrachloroethane.

ture coefficients, such as methylene chloride, the titatively analyze these chlorinated compounds. The
PDECD responses are much lower than with the peak tailing in the Cl-PDED is caused by the dead
Cl-PDED, the Cl-PDED is a better choice to quan- volume of a Tee at the inlet of the detector.
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7. Conclusion 3. Elemental responses: for the eight compounds
consisting of aliphatic, alkene, cyclic and aro-

The Cl-PDED using |0.2% Kr in helium as a matic-chloro compounds the variation in re-
reaction gas is the highest sensitive chlorine-selective sponse /pg Cl was less than 65%. This variation
detector. The advantages of the Cl-PDED, which are should be representative of the response /pg Cl
due to the use of KrCl* emission and a microvolume obtained for other chlorinated compounds.
detector, can be briefly summarized as follows: 4. Selectivity: the selectivity to carbon is about

1000. The limit of this selectivity is probably due
7.1. Advantages of using KrCl* emission for the principally to stray light in the monochromator. A
analysis of Cl double monochromator could be used which
1. The high sensitivity results from an ion–molecule would diminish the stray light greatly to further

reaction being 100–1000 times faster than a improve the selectivity.
reaction of neutrals.

2. The emission of KrCl* in the UV region elimi-
nates the need to purge the monochromator. Acknowledgements
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